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Second Intermational Seminar

Hisconceptions and Educational Strategies in
Science and Mathematics
July 26-29, 1987

Iutreduction

Our first seminar, hela in 1983, showed that there was
strong international interest in the general topic of student
misconceptions in science and mathematics (see Helm and
Novak, 1983). Advance announcements for our second seminar
were more widely circulatea, but the fact that over three
times as many papers {(177) were presented and more than three
times as many participants (367) enrolled from 26 countries
vas clear indication of the great interegt currently
evidenced in the field. The proceedings are being printed in
three volumes to accommodate all papers submitted. A roster
of participants is included in each volume.

The format for the seminar followed the pattern of our
first seminar: a wine and cheese informal reception on
Sunday evening; morning and afternoon sessions for paper
piesentations and discussions; late afternoon plenary
sessions to discuss "Issues of the Day"; and unscheduled
evenings. There was the frustration for most participants of
choosing between seven or eight.simultaneous sessions, but
papers were grouped by topics in an attempt to preserve some
homogeneity of interests in each group. Papers are presented
in the Proceedings in broad general categories similar to the
groupings used in the seminar program, and in alphabetical
order by senior author.

Meetings of the Psychology and Mathematics Education
group were scheduled in Montreal, Canada just preceding our
seminar and this facilitated participation by a number of
math educators who might otherwise not have attended. 1In
both our first seminar and again in 1987, there was a strong
feeling that researchers in science education and in math
education can benefit by greater interaction. 1though
parallel sessions devoted to science or math education
research limited some of this interaction, plenary sessions

and lnformal meetings offered some opportunities for much

M'
(

needed cross-disciplinary dialogue. There was a general
consensus that many of the issues and problems were common to
both science and math education. In some areas of research,
math education appears t» more advanced than science
education (e.g., concern for epistemology as it relates to
instruction) and in other areas the reverse is true (e.g.,
the use of metacognitive tools to facilitate understanding).
In the plenary session on physics and chemistry, similar
concerns were evidenced in communication between sciences.

TrLere remains the problem of definition of
misconceptions, alternative frameworks, or whatever we choose
to call these commonly observed patterns in faculty
understanding evidenced in students, teachers and textbooks.
There were more papers presented in this second seminar on
how tc deal with misconceptions than in the first; however,
there was still heavy representation of papers dealing with
the kind, number and tenacity of misconceptions and probably
too few dealing with educational strategies to mollify or
remove the deleterious effects of misconceptions or to limit
teacher or text initiation of misconceptions.

More emphasis was evidenced on the importance of
epistemology to improvenent of science and math education.
In general, there was strony endorsement of "constructivist®
epistemology both for clarifying the nature of knowledge and
knowledge production and as an underpinning for lesson
planning and pedagogical practices. Of course, there was
debate on the value of constructivist ideas and even some
questioning of constructivist epistemology in contrast to
empirical/positivist views on the nature of kiaowledge and
knowing. A number of participants observed that we
protulgate constructivist thinking for students, but too
often we conduct teacher education programs that seek to give
teachers fixed truths and methodologies, rather than
recognize their need to reconceptualize subject matter and

pedagogical strategies as they engage in the slow process of

conceptual change.




Although concern for teacher education was better
represented by papers in this seminar than in our first,
there remained a common perception that new icdeas and
methodologies to improve te- .ner education, and much more
field-based research in teacher education, are badly needed.
As we launch this year at Cornell University a new science
and wathematics teacher education program, with new faculty,
we were especially sensitive to the concerns expressed. They
represent an important challenge to us as we move ahead in
the design, evaluation and analysis of our new teacher
education initiatives.

In our closing plenary session, Ron Hoz expressed
concern for the limited representation of papers dealing with
the psychology of learning as it relates to science and
mathematics education. This concern appears to be warranted
in view of the fact that most psychologists interested in
human learning have abandoned bankrupt ideas and
mettodologies of behavioral psychologists (e.g., B.F.
Skinner), and are now developing and refining strategies for
study of cognitive learning {e.g., James Greeno). The early
work of Jean Piaget, George Kelly, David Ausubel and other
cognitive psychologists is now entering the mainstream of the
psychology of learning. These works have important relievance
to the study of teaching and learning as related to
misconceptions. A note of caution, however. Most of the
behaviorist psychologists turned cognitive psychologists
still operate methodologically as positivists. They hold
constructivists views of learning (i.e., that learner’'s must
congtruct their own new meanings based on tneir prior
knowledge), bu% they adhere to rigidly positivist research
strategies and often recommend teaching practices that ignore
che teacher as a key pleyer in constructivist.oriented
teaching/learning. The “"constructivist convert”
psychologists were conspicuously absent from our participant
roster. What is the message here?

There were more papers dealing with metacognitive tools.

helping students "learn how to learn." Almost every issue of
the journal of the Association for Supervision and Curriculum
Development (Educatjonal lLeadership) has articles on this
copic extolling the merits of efforts to help students
acquire "thinking skills." Another word of caution: a
backlash is already developirg in the American public that
schools are so busy with numerous activities to teach
"thinking skills" that too little subject matter is being
taught! My own view is that most of the "thinking skill®
programs lack solid underpinning in both the psychology of
cognitive learning and in constructivist epistemology. They
are too often an erd in themselves, rather than a means to
facilitate learning and thinking that places responsibility
on the learner for constructing their meanings about gubject
matter. Concept mapping and Vee diagramming are two
metacognitive tools that have had demonstrated success in
this respect, as reported by a number of papers in Volume I
of these Proceedings. From our perspective, we should like
to see much more research done on the use of metacognitive
tools to help teachers help students modify their
misconceptions and form more valid and powerful conceptual
frameworks.

In the mathematics groups in particular, but also in
some of the science sessions, there was concern expressed
regarding the importance of "procedural knowledge" as
contrasted with "conceptual knowledge." Students often learn
an algorithm or procedure for sclving "textbook" problems but
cannot transfer this skill to novel problem settings or
across disciplines. They fail to understand the c.oncepts
that apply to the problems. The contrast between
"procedural” and "conceptual” knowledge is, in my view, an
artificial distinction. In our work with sports education,
dance, physics, math and many other fields, we have never
observed a procedure that could not be well represented with
a concept/propositional hisrarchy in a concept map. The
limitation we see is that both strategies for problem solving
and understanding basic disciplinary ideas derive from the

This may reflect in part the rising national concern with
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conceptnal opaqueness of most school instruction.

Matheratics. voce and dance instruction are pcrticularly bad
cases of conceptually opaque teaching. Metacognitive tools
such as concept mapping can reduce some of the ¢ilemma
evidenced in conce.n for procedural versus conceptual
learning to the need for more researchb and practice to help
teachers help students sea more clearly the
conceptual/propositional frameworks that underlie meaningful
learning and transferability of knowledge.

The role of the computer in science and mathematics
education is emerginsg more prominently. Several sessions
dealt with papers/discussion on the use of the computer as an
educative tool, and numerous othei sessions had one or more
papers that report 1 on studies that involve computers in
some way. The rapidly increasing power and stable cost of
microcomputers, together with better and easier authoring
systems, are changing significantly the application of
computers in science and mathematics education. 1In wany
cases, the computer is not 8 substitute for class instruction
but rather a tool for extendirg learning in class to novel
problem solving or simulation constructions. The use of the
computer to provide directly large amounts of raw data, or to
permit access to f;rge data banks, makes possible problem
solving activities that border on original research, thus
providing opportunities for creative problem generacion and
problem solving by students in ways that offer an experience
parallelirg creative work of scientists or mathematicians.
The emerging use of video disc with computers and the
emerging technologies for monitoring laboratory experiments
should provide exciting new opportunities for scilence and
mathematics instruction and also for the use of metacognitive
tools. We expect to see much more activity reported in this
area of future seminars of our group.

It is interesting to note in passing that while video
tape was often recognized as a powerful tool in research on
teaching/learning and €or teacher education, not one pager

reported on che use of TV a2s e primarily teaching vehicle.

id

The much heralded power of television as an instructional
vehicle in the 1950's has not materialized. What will be the
fate of computer aided instruction or interactive video
instruction in 20-30 years?

On occasion, especially in sessions dealing with
teaching and teacher education, it was observed that the
school and classroom are complex social settings. We know
much too little sbout how social factors facilitate or
inhibit acquiring or modifying and correcting misconcepiions,
or indeed any other learning. There is a need for an
enormous increase in studies dealing with the
school/teacher/learner sociology as it relates to
misconceptions research. We need to learn more about what
sociologists, anthropologists and linguists are learning
about how people commurniicate or fail to communicate pocitive
ideas and feelings. It is my hope that our next
international seminar «n mtsconceptions will reflect more
knowledge and awareness of these fields.

There remains much work to be done. And yet there are
reasons for optimism. We are learning more about why
students fail to learn and how to help teachers help studants
learn better. 1 believe the science of education is building
a solid theory/research base, and positive results in
improvement of educational practices are already emerging.
The next decade should bear fruit in tangible improvement of

science and mathematics teaching.
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Teaching Impiications of Misconceptions in Probability and
Statistics

Franca Aguoli

University of Pcdova
Padova, Italy

A few years ago in Italy the objectives for the Elementary
Scnool years were completely revised. For the first time, teaching
the fundamental rules of logic, probability and statistics was
officially stated as an objective. In stating this objective, the Italian
Commission of the Ministry of Public Education explicitiy noted
that children’s intuitive thinking about the rules of probability and
stutistics should be the basis of efforts to teach them the formal
rules.

In this paper I will examine the soundness of this instructional
policy and how it could best be implemented. First, I will consider
the reliability of both adults’ and children’s intuitions ~bout
probability, and cite examples that demonstrate quite compellingly
that intuitive thinking may lead to errors in problems involving
logic-and probability. Second, I will describe a method I have used
to train adults and children to use more formal rules and
counteract the fallacies that result from intuitive thinking. Third, 1
will consider how such methods could be adapted for use in
educational settings.

The seminal work by Kahneman and Tversky (Kahneman &
Tversky, 1972; 1973; Tversky & Kahneman, 1971; 1973; 1974)
demonstrated that adults’ judgments are often inconsistent with
normative rules of logic and probability. To explain these
inconsistencies, they proposed that people often rely on judgmental

"heuristics, which are strategies for decision making based on

ir-ditive or natural assessments. Although these heuristics provide
valid judgments in many situations, in certain circumstances they
lead to misconceptions.

My own research has focused on the representativeness
heuristic, which is one of many heuristics proposed by Kahneman
and Tversky. They (Tversky & Kahneman, 1983) note that an error
in probabilistic reasoning called the conjunction fallacy can be
caused by the representativeness heuristic. An example of the kind

’ 17

of problem that may elicit the representativeness hetristic, causing
the conjunction fallacy, is shown in Table 1.

Table 1
Example of an Adult Representativeness Problem

A health survey was conducted in a representative sample of adult
males in British Columbia of all ages and occupations.

Mr. F. was included in the sample. He was selected by chance
from the list of participants.

Which of the following statements is more probable?
1) Mr. F. has had one or more heart attacks.

2) Mr. F. has had one or more heart attacks and he is over
55 years old.

Adapted from Tversky & Kahneman, 1983.

Consistently subjects respond to the problem by identifying the
second alternative as the most probable. This response is
inconsistent with a fundamental rule of probability, which states
that the probability of the conjunction of two events is less than or
equal to the probability of either of the two events. In
mathematical notation this rule is written as: p(A&B) < p(B). To
explain this conjunction error, Tverskv and Kahneman proposed
that subjects judged the representativeness of the alternatives
instead of their probabilities, and based their response: on these
assessments of renresentativeness. The cnaracteristic “having a
heart attack” is commonly associated with the characteristic “adult
males over 55 years.” In many situations representativeness and
probability covary, but when they are uncorrelated, judgments
based on representativeness will lead to conclusions that are
different from those reached with logical, extensional thinking.

For educational purposes, a central question is whether
children are as susceptible as adults to heuristics. These heuristics
may be leammed through experience; if so, children have had less
opportunity ti.an adults to develop such heuristics. In the specific
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case of the representativeness heuristic, we could argue that
children have less world knowledge and they may be less
schema-dependent than adults (a similar point has been made by
Ross, 1981). It is important to know whether children are misled
by such shortcuts in order to be able to decide upon the
correctness of an educational policy that encourages teaching of
probability and statistics based on intuitive thinking.

To investigate children’s susceptibility to the representativeness
heuristic, I conducted an Experiment with 9, 11 and 13 year-old
children (Agnoli, 1987). Table 2 shows two questions I presented
to Italian children. The first one asks, “In Summer at the beach
are there more women or more tanned women?” This is clearly a
representativeness question because the scenario elicits a
representation in which tanned women are representative of
women at the beach. The second one asks, “In Summer at the
beach are there more women or more pale women?” This is
clearly a non-representative question, because most women are not
pale, at least at Italian beaches.

Table 2
Example of Representativeness Problem for Children

In Summer at the beach, are there:

1) more women or more tanned women?
(Representative question)

2) more women or more pale women?
(Non-representative question)

Each child was asked six representative and six
non-representative questions. In Figure 1, the results of this
experiment are presented. Obviously, children of all three age
groups made a lot of errors for problems presented in the
Representative format, many more than they made in the
Non-Representative format. Clearly, children are highly susceptible
to the representativeness heuristic.

19

Representative
D Non-Reprersentative

Age (years)

Figure 1. Proportion of errors for representative and non-representative

problems in three age groups.

A conclusion that could be reached, looking only at the results
reviewed so far, is that intuitive judgments of frequency and
probability, both in children and adults, are a flawed starting point
for teaching an understanding of logic and probability. An
implication of this conclusion could be that we can only teach the
“conservative” way, by starting from the formal rules and avoiding
any links to misconceptions inherent in children’s and adults’
misconceptions. However, if ways are found to correct or
counteract these misconceptions, than intuitions may be made a
more sound basis for instruction.

Our recent experimental work may shed some light on this
issue. In particular, we have shown that it is possible to reduce the
effect of represantativeness in adults’ probability judgments as well
as in simpler logical tasks performed by children. In both cases the
effect was reduced through training that emphasizes the possible
relationships among logical sets.

Agnoli and Krantz (1987) tested whether it was possible to
train naive adult subjects to use logical rules, thereby making
extensional comparisons, in problems like the one shown in Table

20




1 and, therefore, decrease the number of conjunction errors. We More recently, I conducted a series of experiments with

used a training session in which logical rules such as inclusion, subjects aged 11 to 13 to test whether children of this age could
disjunction, and overlapping were explained to subjects. Such also learn to use normative logical rules and avoid those errors
relations were explained with simple examples through the use of caused by the representativeness heuristic (Agnoli, 1987). The
Venn diagrams. children were tested on problems in the Representative format like
the one piesented in Table 2. I developed a training module
The relevance of the conjunction rule to the problem presented similar to the one we used with adults. In this training, children
in Table 1 becomes much more apparent when the problem read about Venn-diagram representations of inclusion a..d
elements are piesented in a Venn-diagram representation {see disjunction, they were invited to draw Venn-diagram
Figure 2). It is clear that the intersection (Men who have had one representations for logical categories, and the correct
or more heart attacks and are more than 55 years old) is a subset representations were presented. Finally, the correspondence
of the other two sets, and therefore must be less frequent. between Venn-diagram representations and frequencies was
explained. Figure 3 shows a Venn-diagram representation of the
Men whe have problem presented in Table 2.
had one ¢’ more
heart attacks Men who are

over 55 years oid

women ——»

Men who have had T?nned Pale

one or more neart Women Women

gg’g‘;’r s‘"ﬂ’a" over Figure 3. Venn-Diagram representation of the problem presented
y d in Table 2, similar to Venn-diagrams used during training.

Figure 2. Venn-Diagram representation of the problem

presented in Table 1. Children of both age groups were assigned to one of two
groups. The procedure for the two groups was exactly the same,
except that before the first set of problems, subjects in the training

Subjects were also trained to consider category size. By group completed the training module. Ten days later all children
considering category size, subjects were trained to estimate the were tested again, with no further training. The results of this
probability that an element is a member of a category. This series of experiments (see Figure 4) showed that the logical
training reduced dramatically the number of conjunction errors training greatly reduced the frequency of errors for both ages.
made by the naive subjects tested. We concluded from a series of From an educational point of view, it is interesting to note the
experiments that people can gain an awareness of the misleading stability of this training effect over time. The training was effective
effects of the representativeness heuristic. not only irsmediately, but ten days later in the second session.
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1.000
P . No-Training

0 E:] Training

Session 1  Session 2 Session 1  Session 2

} 1 13 {

] |
Age (years)
Figure 4. Proportion of errors for un-trained and trained subjects
in Sessions 1 and 2.

In these experiments, subjects were asked to provide rationales
for each choice. The rationales for representativeness responses
almost always made reference to representativeness, whereas the
rationales for logical responses almost always made reference to
the elements of logical reasoning. This generalization held for both
the control and the training groups.

The research I have reported (for both adults and children)
points to areas in which misconceptions based on intuitive thinking
lead to logical and probabilistic errors. I noted above that this
research could suggest that intuitive judgments are a flawed
starting point for teaching logic and probability, but that these
intuitions could be made more sound by finding ways to correct
the misconceptions inherent in intuitions. The training procedures |
used to overcome the representativeness heuristic are a successful
example of ways that such misconceptions can be counteracted.
Such training procedures provide a formal procedure for solving
problems that simultaneously may extend the subjects’ intuitions
about probability and statistics. Through use of such training
procedures, people may learn the limits of their intuitions,
recognizing when heuristics are and are not appropriately applied.
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The research I have reported suggests that it is possible for
subjects to learn about the effects of two different thinking
systems, both intuitive and formal. [ instructed awults and children,
11 and 13 years-old, about representativeness and compared it to
the formalism of Venn-diagrams. The training session provided a
tool for deciding which intuitions were valid and which intuitions,
based on representativeness, led to violations of the conjunction
rule or to frequency errors. The tool helped to substitute one
behavior for another. The tool helped to serve as a perceptual
external aid to ease construction of the correct mental
representation when subjects drew the diagrams or as a memory
tool when subjects confronted the problem without explicitly
drawing Venn-diagrams.

In the area of medical decision making, Cole (1986) proposed
a tool that overcomes another kind of probability misconception.
He showed that a graphical representation could greatly simplify a
difficult judgment problem that involved considering base rates.
Base rate problems are commaon in the medical research area. For
example, Cole considered the case of a 35 year-cld woman who
has tested positive for breast cancer, based on a test with
characteristics such that people with the disease have a 95%
chance of testing positive and people without the disease have a
90% chance of getting a negative result. The crucial issue in this
problem is the necessity of taking into account base rates (that is,
the prevalence of breast cancer in 35 year-old women). It has
been repeatedly demonstrated, however, that aduits do not take
base rates into account in their judgments (Tversky and
Kahneman, 1982). Cole (1986) showed that with the aid . a
probability map the complex decision making becomes almost
trivial. This map represents the frequencies of individuals who
have a given disease and exhibit the symptoms of the disease. If a
physician does not realize the implications of a low base rate for a
disease, symptoms of the disease could be given too much weight.
The probability map corrects this misconception.

It should be noted that intuitive thinking about probability and
statistics is not always wrong. There have been instances in the
literature showing that, at times, adults have effective “statistical”
heuristics. For example, Nisbett, Krantz, Jepson and Kunda (1983)
have argued that adults have a rudimentary understanding of the
law of large numbers, and they point to the work by Piaget and
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Inhelder (1975) tc show that people in western culture leamn at a
very early age to recognize the probabilistic behavior of random
generating devices.

A teacher concemed with instruction in logic, probability and
stauistics must recognize the often misleading role of “intuitive”
heuristics at the same time as their strengths. Certainly intuitions
can serve as the basis of efforts to learn more formal rules, as
suggested by the ftalian Commission of the Ministry of Public
Education, but not without tools to help counteract those intuitions
that lead to errors and misconceptions. The tools I have developed
using Venn-diagrams are an effective way of counteracting the
representativeness heuiistic, and the probability map developed by
Cole (1986) counteracts failures to consider base rates. There are
many other heuristics that can lead to errors and misconceptions in
probabilistic and statistical reasoning (Kahneman, Slovic, &
Tversky, 1982). An effective educational program will require
continued research on tools that counteract ineffective heuristics
and expand the effectiveness of other heuristics.
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Using Vee Diagraams To C1ar1t¥ Third-Grade Students'
gisconcepg1onl During A Science Experinent

Har1no ¢, Alvarez
Tennessee State University

Peabody co11Z$§t8§‘$aﬁae§%1§t University

This paper reports the results of an initial attempt to
investigate the effectiveness of a Vee diagram in helping
third grade elementary school students learn science concepts
meaningfully. A Vee di.jram is a structured, visual means of
relating the Yodological aspects of an activity {(such as a
science exper..ent) to the underlying conceptual aspects. It
focuses on the salient role of concepts in learning and
retention.

Theoretical Framework

Gowin's (1981) theory of educating, Ausubel's (1963,
1368) cognitive theory of meaningful reception learning, and
a constructivist epistemology provide the philosophical and
theoretical background upon which this investigation was
designed and through which the results were interpreted.
Gowin's thecry of educating focuses on the educative eveat
and its related concepts and facts. This theory is helpful
in classifying the relevant aspects of the educative event
and its related concepts and facts. In an educative event,
teachers and learners share meanings and feelings so as to
bring about a rhange in the human experience. This theory
stresses the centrality of the learner's experience in
educating. Ausubel's learning theory places central emphasis
on the influence of students' prior knowledge on subsequent
meaningful learning.

Epistemology is a philosophical term that deals with the
nature of knowledge and how knowledge is produced.
Philosophers such as Gowin (1981), Toulmin (1972), and Brown
(1979) feel that knowledge is constructed from experience
using concepts as stepping stones. Concepts are signs/
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symbols that point to regularities in events or objects
(Gowin, 1981). Concepts are usually identified by words, but
they nay he numerical or symbolic {such as musical notations
or mathematical symbuls). PFor example, those objects that
have markings peculiar to a specific nation {i.e., stars and
stripes), and which are hoisted and suspended froam a pole,
show the regularity that we designate with the symbol U.S.
flag. Events are defined as anything that happens naturally

(e.g., thundershower, tornado, volcanic eruption) or can be
made to happen (e.g., soccer match, school play, art exhibit,
orchestra recital, faculty meeting, AERA Conference).

Objects are defined as anything that axists and can be
observed. For example, birds, snow, mountains, and volcanoes
are naturally occurring objects; flags, books, bridges, and
robots are objects that humans construct.

The Vee heuristic was developed by Gowin to aable
students to understand the structure of knowledge (e.g.,
isolated facts, relationzl networks, hierarchies,
combinations) and processes of knowledge construction (Gowin,
1981; Novak & Gowin, 1984). The fundamental assumption is
that knowledge is not abso) :te, but rather it is lependent
upon the concepts, theories, and methodologies by which we
view the world. This assumption is supported by current
views of epistemology (Brown, 1979; Kuhn, 1962; Toulmin,
1972). The philosophical basis of the Vee diagram makes
concepts, and propositions composed of concepts, the central
~lements in the structure of knowledge and the construction
of deaning. The learning theory that exemplifies concept and
propositional learning as the bazis on which individuals
construct their own meanings is espoused by Ausubel (1963,
1968; Ausubel, Novak & Hanesian, 1978). The primary concept
in Ausubel's theory is meaningful learning. To learn
meaningfully, individuals must choose to relate new knowledge
to relevant concepts and propositions they already know. The
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Vee diagram is a tool for acquiring information about Figure {. Concept Map of a Vee Diaaram.
knovledge and how knowledge is constructed and used.

Vee Aiagramming has proven to be successful as an
instructional heuristic with college students (Cheu, 1980; The Vee D'.Qﬂmm
Leahy, 1986; Taylor, 1985). Vee diagramming haz been
investigated in ninth and eleventh grade sciencs classes
{Gurley, 1982), and with junior high school students (Novak,
Gowin, & Johanzen, 1983).

A concept map depicting the Vee is shown in Pigure 1. A
concept map is a visual representation of a person's thought
processes. It is portrayed visually in a hierarchial fashion
and represents concepts and their interrelationships. As can
be seen and read from the concept map, the Vee diagranm
separates conceptual (thinking) from methodological (doing)
eloments of inquiry. Both sides actively interact with each
other through the use of the focus question(s) that directly
relates to events and/or objects. This interaction is
depicted by broken lines indicating cross links. Cross
linkages show meaningful relationships between segments of
the concept hierarchy.

The conceptual side includes philosophy, theory,
principles/conceptual systens (which include developing a
concept map), and concepts all of which are related to each
other and to the events and/or objects which, in turn, are
used to make records of the events and/or objects are
transformed into graphs, charts, figures, transcriptions of
audio or video tapes, and so forth and become the basis to
nake knowledge and value claims. While there is no set way
in which to read a Vee diagram (either from left to right or
right to laft, top to bottom, bottom to top, or anywhere in
between}, it is advisable to begin with the educative events
as the point of the Vee followed by the focus queetion(s).
The reasc. for such a progression is that the educative event
is paramount in determining the focus question(s) for the
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inquiry and the subsequent -nterplay among the conceptual and
nethodological elements.

The structure of knowledge on the Vee refers to tae
results or products of the inguiry. Structure, in Gowin's
Vee, neans the elements and their relation to each other.
Gowin (1981, pp. 87-88) defines the "structure of knowledge"
by capsulizing his remarks of an earlier paper (Gowin, 1970):

The structure of knowledge may be characterized 1in

any fjeld oi exemplar of that field) by its telling

questions, key concepts and conceptual systeas; by

its reliable and relevant methods ;nd techniques of

work; by its central products; by its within-field

and outsid?-tho-tiald values; by its agents and

audiences (the so—callod‘"conlun1tz of scholars”);

afd by the phenomena of interest t I field deals

with and the occasions which give rise to the quest

for knowledge.

The purpose of this study was to determine if ve2
diagrams could be taught, understood, and used meaningfully
by third grade students in learning concepts in a s~ience

experiment.

Nethods and Materials

This study was conducted over a three month period in an
elementary school in a large metropolitan school district in
Tennesses. Twenty-eight third-graders and their teacher
participated in this study. Twenty-six children in the third
grads class were tested the year before with the Stanford
Achievexent Tsst, Pora ¥, Level 4. These chiidren had
reading «tanime scores ranging from & through 9. 0©f£ the
remaining two gtudenti, cue had been tested with the Iowa
Test of Dasic Skills, Fora 7 (1985) and the other had no test
records. Overall, this class was judged by the classrooa
teacher to be slightly above average.

First, the teacher was instructsd on the purpose and use
of concept maps. Knowledge of concept muips is a prerequisite
to the introduction of Vee diagrams. studeats developed
concept maps with the unit of study prior to introducing the
Vee diagram. Next, the teacher was instructed ou the
terainology of the Vee and the relationship of each element
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on the Vee to agpects of their reading assignments. She then

instructed her class on the purpose, terminology, and use of
Vee diagrass.

The teacher introduced examples of concept maps and Vee
diagrams associated with the assigned lessons. Next, she
introduced a skeletal Vee diagras that contained headings:
focus question, event/object, concepts to be investigated,
records, transformations, knowledge claims, value claims,
theory, and principles. The Vee diagram was associated with
the assigned readings in their science textbook. The
ressarchers developed the science experiments that were used

in this investigation. These materials were developed in
accordance with the topic that was currently being studied by
the third graders. The teacher was instructed oa the
stratified random sampling procedure. She was then asked to
make a stratified randos assignment of her students by
placing thea into six groups, based on either their reading
stanine scores or (as in the case of the one student without
a test score) teacher place.snt. The teacher was asked to
keep a daily journal recording her reflections and
intervention with the stuwdents as a whole and individually,
she also kept student taped interviews. She was asked to
codaduct this experiment using her teaching style and time
constraints as part of her normal preparation and classroom
procedure. 7Tn tkis study, students worked in groups in
preparing their individual Vee diagram.

Por this study, a science experiment investigating
"sprouting plants® under four conditions was conducted. All
four conditions contained lima beans that had been soaked
overnight in water and then wera placed in a jar suspended
batween paper toweling aud the inner glass. The four
conditions were: (1) an inch of water at the bottom of the
jar with wet paper toweling with the top opened; (2) an inch
of water at the bottom of the jar with wet paper toweling
with a plastic covering so that eir could not get in; (3) an
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inch of water at the bottom of the jar with wet paper
toveling with the top opened placed in a dark compartment
without light; and (4) no water in the jar with dry paper
toweling with the top opened. Students kept records of the
events over a six day period.

The rocords and performance measures made of the
educative events during this study included copies of student
Vee diagrams, anecdotal notes made by the teacher and
researchers, and audiotapes and transcriptions of students'’
interviews. To study these teacher/student relationships,
McDermott's (1977) anthropological definition of ethnography
was used. In this comtext, ethnography is defined as "any
rigorous attaempt to account for people's behavior in terms of
their relations with those around them i3 differing
situations.” (p. 200). within this definition we included
the gathering of thoughts that were generated as a result of
these social interactions. How social interactionms in
classroon settings affect conceptual learning is a major
thrust of this report.

The records were sunmarized and transformed through an
analysis of the teaching, learning, curriculum, and
governance components proposed by Gowin (1981). Scoring
procedures followed the protocol suggested by Novak and Gowin
(1984, pp. 70-72).
point scaie (0-4) with a maximum score being 18 using the
following criteria (point values in patrentheses for each of
the categories): focus question (0-3), objects/events (0-3),

theory, principles, and concepts (0-4),records/

Vee diagrams were scored on a quality

transformations (0-4), and knowledge claims {0-4).

An example of a Vee diagram constructed by a third grade
studeat is shown in Pigure 2. Circled number represent
points assigned to each category with a maximum score of 18.

Results and Conclusions
Vee diagrams constructed by the students were collected

for the designated science experiment and scored by the
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Fiogure 2.

Exampie of z scored Vee digram prepared by a third
grade student.
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resetrchers (interrater reliability .96, using the scoring
procedures descridbed above. All scores were in a range of 11
to 16 (maxiaum score 18). Descriptive data indicated that
all students were successful in using the Vee. The frequency
distribution and percentage of raw scores are presented in
Table 1.

Table 1. [Frequency distribution and percentage of total
individual raw scores.

Raw Score t b
(n=28)

11 2 61

3 11 72

14 g 11

15 5 83

16 1 88

There vas no differentiated effect according to ability
level. Total scores for stanines 4, 5, and 6 were 164;
stanines 7, 8, and 9 totaled 207. MNean scores were 13.7 and
13.8 respectively (see Table 2).

Table 2. Total individual raw sfore frequency distribution,
and percentages according fo average and high
reading comprehension stanine scores

Stanine Raw 4
Score Score {n=27) L
Average

4 13 72

Bigh
7 13 ‘ 12

14 1 77

15 1 83

8 14 3 77

15 1 83

9 13 2 12

14 2 177

15 1 83

Anecdotal records indicated that learniag strategies
that require coaprehending subject matter demands
concentrated study, but suggest most students recognize and
value understanding over rote learning. All students were
able to complete the designaiad component parts of the Vee
vith success.

Student interviews indicated that Vee diagrams helped
them to understand what was taking place in the experiment by
keeping records of the events. Students indicated that they
found making charts of the records and concept maps of the
results of the experimental helpful in understanding the idea
of "sprouting seeds."

Vhen Vees were individually analyzed by group, they
revealed commonelity associated with a particular group.
Students in the same group tended to conform when making
their Vees. This seems to suggest that social and
communicative interaction during the educative event
contributed to different constructions of knowledge achieved
through negotiation. This depended upon the respective group
interaction (see Tadle 3).




One way ANOVAs to deteraine differential effects across 14 i
Table 3. §?§S%n§"333%22‘%y'3¥53§?’eﬁéaﬁ°§§8¥5'3§'éaéﬂdgrou, groups revealed that the mean score of Group 3 was |
in parentheses. significantly different from the other five groups,
Subjects Stanine Rav E{5, 21) = 10.8, p < .001. A post hoc analysis using the
n=2 Score Score ' Newman-Keuls test showed that Groups 2, 4, and 6 were
Group 1 (12.2) significantly different from Group 1, p < .05. It is
1 x 1 61 interesting to note the make-up of students and their stanine
§ ; ig ;% scores for Group 3. The student with a stanine of 5 had a
g 2 ii Zf higher raw score than the two with 8 and 9 stanines. When
Group 2 (14.0) analyzing stanine scores and raw scores within groups,
6 8 14 77 students with higher stanines did not necessarily have higher
Z 3 {2 ;; rav scores than those students with lower stanines. Overall,
18 g {ﬂ ;; the Vee diagrams tended to reflect a group consensus.
Group 3 (15.2) The teacher indicated that students hecame more
11 9 15 83 interested iu the experiment and were able to discuss the
{5 g %g gg knowledge claims in relation to their focus question and
%é 3 {g gg events. She was pleasantly surprised at their bsing able to
Group 4 (13.6) generalize their findings into value claims that varied
16 9 14 77 dipending upon the group. She found that the Vee diagram
iZ ; ig ;Z provided her with an evaluation instrument to determine how
%8 % ig ;Z vell students had understood and were able to relate their
Group 5 (13.0) findings of the results. This, in turn, enabled her to
21 9 13 72 provide feedback as to their understanding of concepts (e.g.,
§§ 2 ig ;g sprout, germinate) through a visual inspection of the array
u 5 13 12 of relationships among the concepts that pertained to the
Group 6 (13.7) - various knowledge structures of the experiment.
%2 ; ig gg The evaluative effects of the Vee is illustrated by the
%Z 2 %; ;Z following circumstance. An inspection of the Vee's showed
TNo test records that 57% of the students generated knowledge claims that
related to their principles and not to their records (i.s.,
Plonts need air to grow, but they grew even when they didn't
have air). Om the surface there seemed to be a discrepancy
betveen these two items. However, an interview with the
teacher showed that th- plastic covering on the jar was not
air tight. 1In fact, it fitted loosely. 8he reported that
. :;'2 this portiom of the experiment was repeated and that these "
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students then understcod that air was needed for the seeds to
sprout thereby clarifying thsir misconceptions ind accounting
for their notation under principles.

Both the students and che teacher felt that Vee
diagrans aided conceptual understanding of the processes and
products of the experiment. They felt that more was
accomplished by going beyond the traditional "writing down
the facts™ (records) by charting the data, making knowledge
claims, developing a theory and stating a principle. They
found this lesson to be interesting, challenging and

exciting.
g Conclusions

In this preliminary study, Vee diagrams seem to be a
viable tool in learning about the structure of knowledge and
the processes of knowledge production (metakrowledge). They
enabled third-grade learners to delve into a piece of
knowledge and come away with a deeper understanding of how
knovledge is constructed by showing how the concepts,
events/objects, and records of the events/objects are
interaingled when attempting to create new knowledge.

These third graders were able to learn concepts
associated with the science experiment. They were able to
ralate and complete the designated components of the Vee with
success and understanding. These sciences concepts were
learned in a meaningful rather than a rote manner. Students
were able to discuss’ these concepts in meaningful contexts
with each other and with the teacher. They were able to make
connections, structure their knowledge, and create meaning.

Studente were free to express their emotions and
thoughts, make predictions, and raise questions. The teacher
also became an active learner and observer as well as a
partner in the experience. She learned (a) about two methods
(concept maps and Ves diagrams) that help students learn new
information in a meaningful manner; (b) that she was able to
incorporate these methods into her array of teaching

‘1‘FICtic0l; and {(c) during the process, how to plan and
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collect data for the study of student learning. In essence,

she became the researcher for her class.

Thers seened to be no difference in constructing Vee
diagrams between the average and high reading ability
students. However, this task required more record keeping
and problem solving of the events that were taking place than
it did reading and therefore was not necessarily based on how
well a student could read. Even though soms students were
randealy interviewed prior to the experiment by the teacher
concerning their knowledge about sprouting seads, it nay be
that prior knowledge and/or background expariences from
students not interviewed accounted for differing scores
vithin and across groups. Overall, the Vee diagrams tended
to represent a group consensus suggesting social interactions
among studeats resulting in negotiation in their
construction.

Vees act as an evaluation instrument for both the
teacher and the student in determining how well ideas are
represented among the component parts of the Vee diagram. As
shown in this study, the sharing of meaning of the
educational experiences between peers and the teacher helped
in resolving conflict and uncertainty in resolving the
discrepancy between those students who formulated principles
based on inaccurate knowledge claims. The teacher was able
to read the Vee and rectify misconceptions that caused the
students difficulty in organizing and relating ideas on the
Vee. Together, the teacher and the student, were able to
resolve uncertainties or misunderstandings and make the
educative event a meaningful learning experiences.
Responsibility for learning science concepts took on a new
dimension through the use of Vee diagrams.

The use of Vee diagrams needs to be tested for their
generalizability and independent use with this population.
Studies with this population need to be conducted to
deternine how well students are able to generate Vee diagrams
individually and with peers. Specifically, it needs to be
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determined: (1) how well students are able to recognize what
events or objects they are observing; (2) to what extent do
they make use of their prior knowledge in relation to these
evants and ebjects; (3) how decisions are made to decide what
records need to be made; and (4) the processes that are used
in tormulating focus questioas that direct the inquiry based
on the events/objects to be studied.

The focus Guestion(s) elicits reflective thought and
inquiry on the part of the students. Students are made to
think about what they already know about the topic. It gives
them direction to find out what they don't know and what they
have to do to understand (in this particular experiment) the
conditions under which lima beans sprout. It is through this
focus question(s) that events/objects, racords,
tzansformations, and knowledge claims develop and new
knowledge is learned.

Vee diagramming is a way to help students and teachers
penetrate the siructure of meaning of knowledge they seek to
understand. Being able to get the right answer is sufficient
in many school evaluations upon which grades are based, and
too often only rote recall is needed to answer questions.
Teachers when versed in Vee diagramming seem to be receptive
to this learning strategy in order to achieve meaningfully
rather than rote verbatim learning, and see this strategy as
an independent learaing aid to be used by the learner. A
link between learning theory and teaching can be made through
the use of Vee diagrams. Waterman (1982) suggests that a
conceptual change approach to teaching should include
explicit ways for students to become aware of their own
beliefs and to come to understand the nature and construction
of knowledge. This investigation lends credence to such an
observation.
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JUSTIFICATIONS OF ANSWERS TO MULTIPLE CHOICE ITEMS AS A
MEANS FOR IDENTIFYING MISCONCEPTIONS

R. Amir, D.R. Frankl, P. Tamir

Israel Science Teaching Center, Hebrew University of Jerusalem

INTRODUCTION

In recent years there has been a growing interest in
misconceptions which are prevalent among students. A wide
acknowledgement exists that misconceptions: (a) are quite
widespread among students in many subject areas of science; (b)
are very persistent and difficult to change or replace; (c)
affect subsequent learning (Smith and Lott, 1983; Nussbaum and
Novick, 1982).

Various means and methods are described ia the literature
for identifying misconceptions. By far the most widely used ic
the clinical interview (Gilbert, Osborne and Fensham, 1982,
Nussbaum, 1979). This method has the advantage of providing
excellent in-depth information about the atudent's conceptions,
However, it has some serious drawbacks: (a) it is time and labor
intensive and thus difficult to apply to large numbers of
students; (b) the potentia® for gereralizirg the findings to

large groups of students is rather limited.

Attempts rave beer made to use paper and pencil tests in
order to collect data f:c¢+ more <tudents thanm ~an be reached
tt ~h clinic~l in%erviews. 1n sore cases these instruments were
fin¢+ gs frem a limited numoer of interviews. Such
. vere retorted by Bell (1985), Wandersee (1983), Arnoid
an  ampson ,1982), Barker (1985), Brumby (1979), Simpson and
Arnold (1980).

Two types v: question formats were used in these studies,
open-ended short es<ay and multiple choice. Combinations of
formats were used by “-umby (1979). In her study, the seme item

was presented to the siudents twice: first as an open-ended and
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then as a multiple choice. Differences between the responses to
the two formats were not reported. Wandersez (" 783) added a
requirement for sdditional explanation on some of the items on
the Photosynthesis Concept Test (PCT). A partial analysis of the
written explanations is reported and a selection of explanations
is cited. Staver (1986) also used combination items: completion
+ multiple choice + justification and completion + essay.
Achievement on the reasoning task given to zhe students was found
to be affected by the item format onl» on unfamiliar or
complicated tasks. Treagust and Haslam (1986) and Peterson,
Treagust and Garnett (1986) followed Tobin and Capie (1981) and
designed two-tier items in the explizit purpose of identifying
misconceptions. The firs: tier consists of a multiple choice
item and the second contains four possible justifications for
choices of the first tier. The student has a double task: first
he has to choose the correct answer among the 2-4 choices of the
first tier and then he has to choose a justification to support
his choice. From the examples brought by Treagust ana Haslam
(1986) it can be seen that formulating +usiifications which might
support all the options of the first tier is not always easy. In
tome cases the choice on the first tier channels the student to a
certain response on the second tier and not to others. The end
result of such a situation is that no additional insight into the
thinking of the student has been achieved.

We would 1like to report a novel approach to the
identification of misconceptions among large groups of students.
For some years now, students who take the biology matriculat.on
(Bagrut) exam at the end of year 12 are required to give
Justifications to the choices made on selected multiple choice
items. The items selected for this task are of high cogaitive

level (compreneuzion and above).

The justit.-atioas given by the scudents were in the form of
short answers usuclly 2-3 sentences long. The achievement
results for the year 1985 (N=2405) indicated that the mean score

on the justifica“ions task was about 17 percentage points (more

~—
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than full standard deviation) lower than the mean rultiple choice

score.

In this study the justifications were analyzed for the
purpose of uncovering misconceptions of the students. The

following questions were studied:

1. Uhat is the effectiveness of justifications for multiple
choice items as a means for identification of
misconceptions?

<. What are the prevalent misconceptions related to the

different subject areas?

The subject areas dealt with in the items analyzed in this study

were also touched upon in investigations by other groups as well

as by us:

Osmosis: Friedler, Amir and Tamir (1986), Arnold and
Simpson (1982), Murray (1983).

Genetics: Stewart (1982), Hackling and Treagust (1984),

Longden (7982), Tolman (1982).

Aspects of Plant Nutrition: Smith and Anderson (198#), Simpson
and Arnold (1980), Wandersee (1983), Bell (1985),
Stavi et al (1987).

As we describe the finc.ings of our study we shall refer to some

of the studies mentioned above.

METHOD
Sample
The sample comprised of 354 students from 18 schools, out of
2405 students who took the matriculation exam in 1985. Schools
were selected according to their students' achievement in the
multiple choice section of the exam in past years, The
stratified sample thus consisted of students from 4 low achieving

* This group took the lower level (2-3 points) exam.
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schools (mean score 65, n=91), 6 average achieving schools (mean
score 66-75, n=108) and 5 above average achieving schools (mean
score 76, n=97). For 3 schools (n=58) achievement data for

1985 was not available.

Procedure

Four items were selected for the justificatzons tasks. For
each 1tem we constructed a key for the analysis of
justifications. The construction of the key included the
following steps:

l.  Free reading of justifications to obtain a general
impression.
2. Defining aspects for the justifications for each item.

3. Establishing levels in each aspect. These levels ranged

from "not mentioned" to "correct." The intermediate levels

were assigned to partial answers or specific misconceptions.

RESULTS AND DISCUSSINN

Results for each item are described and discussed
separately. Wherever an example of a student's justification is
cited an attempt has been made to preserve the student's actual
wording while translating his justification into English. The
Results for each item are given in tables which comprise two
parts: Part A gives the distribution of responses to the
multiple choice item and Part B gives the results of the analysis
of the justifications, for all the respondents and for selected

groups of students.

ITEM 1
Item 1 (Table 1) deals with Mendalian genetics -transmission

of sex linked gene from parent to offspring.

Genetics is a subject which is taught in several grade
levels throughout high school. ir.ngden (1982) identifies three

"areas of concern" related to the study of genetics in high
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A full correct justification to the best answer had to refer
only to the fact that all male offsprings receive from their
fathers a gamete which includes a Y chromosome and not an X
chromosome (Aspect A). As can be seen from Table 1, 607 of those
who made the correct choice also justified their choice
correctly:

* "Because if an X chromosome is transmitted from the

father, the fetus wiil be a female and not male. If

the father contributes a Y chromosome it will be a

male. That is why it is not transmitted."

* "Because the female is the one who transfers the X

chromosome and therefore it is impossible for the man
to tranafer this chromosome."

Thirty-two percent did not mention the type of gametes at all:

* "A gene on the X chromosome is responsible for female
heredity."

Forty-four percent of the students who chose the best answer
also included in their justification a correct statement

regarding the female sex chrouosomes (Aspect B1.

Even more interesting are the justifications of those
students who chose options 2 or 4. Ninety-four percent of them
either did not refer al all to the types of jamete3 which are
transmitted or refer to in a wrong way. Since aspect A was
essential for a correct justification one can conclude that the
problem of those students was not understanding the continuous

transmission of genes through generations.

It can be concluded that although a large proportion of the
students jdentified the best answer, their understanding is
deficient. They fail to realize what is the mechanism which is
responsible for the pattern of inheritance described in the item

(X 1inked traits cannot be transmitted from father to son). This
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lack of understanding could only be revealed through the analysis

of the justifications.

ITEM 2

Item 2 (Table 2) dealt with plant growth and development.
Specifically it required from the stident to show understanding
of the role of photosynthesis and so.1 in production of organic

matter.

The analysis of the justifications for item 2 revealed three
aspects:
A.  Photosynthesis as a process utilizing CO ,
B. Materials absorbed from the soil. 2

C. Sources of added organic matter in the wheat plant.

In each justification, usually more than one category was
mentioned. Table 2 gives the response distributicr to the four
options and the distribution among the aspects. Aspects 4 and C

were considered to be essential for a correct justification.

From che re~"%ts shown in Table 2 (Part A) it can be seen
that the choices students make on multiple choice items can, by
themselves, reveal misconceptions. Inspection of options 2, 3
and 4 show that all include "water and minerals” but differ on
whether an additional substance should be C02, oxygen or organic
compounds. The results ghow that 22% of the students believe
that organic compounds in the soil are the source of organic
matter. This misconception was found and discussed in many
studies from all around the world and across age levels (Simpson
and Arnold, 1980; Wandersee, 1983; Bell, 1985; Smith and
Anderson, i964). Another 13% of the students view oxygen as the

main contributor of additional matter.

Analysis of the justifications (Table 3, Part B) however,
provides us with a better insight into the way students think
about plant growth. A quarter of the students who chose the

correct answer (option 3), could not adequately relate it to
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photosynthesis (Aspect A) as evidencad by the following examples:

* "Plants take in CO, and release 0,. Plants need water and
food to grow. Vatér they get from the soil and the minerals
are their food."

* "The plant needs sources of food and dvink which are the
minerals and the water, which are absorbed from the soil.
The plant also needs CO2 for breathing."
Another 6% mentioned the process of photosynthesis but in a
partial or wrong way:

* "CO, is used by the plant for breathing and for performing
bet@er photosynthesis,"

* "C0O, is absorbed by the plants as they respire (breath§ and
is used to produce energy. Wi.h the help of this energy the
plant makes additional mateiials which are needed for the
building of more cells. The water and the minerals which
are absorbed from the soil are the plant's food., The water
is broken down to its constituents and these are used
together with the minerals to make new cells and from these,
new seeds are formed."

Two misconceptions surface in the justifications under
Aspect A: plants breath (respire) CO2 and plants get their food
from the soil. One might assume that some of these students
guessed the correct option, and some do not have a full
understanding of the process. The lack of link between two
concepts (here: plant growth and photosynthesis) is considered
by some to be a special kind of misconception (Fisher, Lipson

1986).

A coherent justification, which reflects full understandiag,
had to refer to the fact that both photosynthesis and materials

absorbed from the soil contribute to the added materials

* In Hebrew the same word is used for "breath" and for "respire".

accumulated during the plant's life. From the distribution in
Aspect C for the students who chose the best answer (option 3) it
can be seen that only 227 of them established this link in their
justifications:

* "In the process of photosynthesis the plant used these raw

materials and converted them into organic substances which
were used in the production of new seeds."

* "The main sources are the water, minerals and CO.. From
these, in the process of photosynthesis, the plafit makes
organic substances which build it. The plant grows and
produces a new generation - new seeds."

182 referred to photosynthesis as the only source of added
organic materials:

* "By photosynthesis the plant produces organic materials
(starch) which is accumulated in the seeds."
527% of the students did not mention the sources of organic
matter although some of them did link between CO and
photosynthesis as can be seen from the following examples:

* "The plant needs CO, and water for photosynthesis. It also
absorb> minerals from the soil."

*  "The seedling needs CO, ior photosynthesis and without it
the seedling cannot reproduce."”

The justifications given by students who opted for no. 4
reveal a very persistent and well documented notion about the
role of the soil in plant development. Very few »f these
students (3Z) related to phctusynthesis in their justification
(Aspect A). Most (75Z) repeat the wrong idea that plants absorb
organic substances from the soil and that these constitute the

main source of added organic matter (Aspects B and C):
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Item 3 (Table 3) required a pr-

alga cell transferred from frash water to water with high salt
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abstract nature of
4

The process which takes place under these conditions is

Difficulties in understanding osmosis are widely

the concept (Arnold and Simpson, 1982), der.ciency in knowledge
teleological thinking (Friedler, Aamir and Tamir, 1986) and from

of chemistry and physics:(Johnstone and Mahmound, 1980),
difficulty in applying knowledge (Arnold and Simpson, 1982),

confusion in the use of terms such as "water potent

plasmolysis as a result of osmosis.
acknowledged and are thought to stem from

concentration,
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"diffusion pressure deficit" (Hutchinson and Sutcliffe, 1985:
Gayford, 1984).

Eighty-one percent of the students chose the best answer in
this item. Three aspects were identified in the justifications
given in this item, and subsequently used in the analysis The
aspects and the distribution of students' respcnses are given in
Table 3.

A coherert justification for the best answer should have
specified the difference in solute concentration between cell sap
and the surrounding solution and explain the direction and cause

of water movement.

Forty-one percent of the students gave a correct description
of sclute concentration while 447 refrained from doing so

altogether.

In agreement with previous findings (Friedler, Awmir and
Tamir, 1986), the concept of "water concentration" is not
available to most students, and only 257 used it to describe the

different concentrations (Aspect B).

The source of many of the difficulties in uaderstending
osmosis stems from misconceptions regarding the cause of water
movement from one side of the membrane to the other side. This
can clearly be seen from the distribution in Aspect C. Thirty
percent of the students designated the "aspiration to equaiize
concentrations” as the cause of water movement. This type of
explanation reflects teleological thinking:

* "The water can leave the cell and it wants to equalize the
sweetness and saltiness on both sides."

* "Because in nature there exists an aspiration to equalize
concentrations and therefore water moves by osmesis ‘rom a
place of lower concentration to a place which is more

concentrated."

Among those students who gave correct causes for water
movement 197 said that concentration or pressure gradient was the
cause, 14% identified the process of osmosis and 13% diffusion as
the cause for water movement:

* "Because solute concentration in the outside solution is

high and there is less water than in the cell, water will
move from higher to lower concentration."

* "This process is called osmosis: water moves from a dilute
solution to a more concentrated one and therefore water will
get out the a2lgal cell, (which has a dilute solution) and
move intc the concentrated solution and the cell will
shrink.”

The question whetner giving such answers reflects meaningful
understanding of osmosis cannot be answered from these findings.

The diversity of explanations (7) found in students

Jjustifications suggests that the situation is indeed complex.

ITEM 4

Item 4 dealt with the human body's response to the injection
of egg protein directly into the blood system. The item procures
the understanding of students of the function of the immune

system.

The immune system is studied at the higher grades of high
school. VWe are not aware of any research which has focused on

understanding of immunity.

Students' justifications addressed the following aspe.cs:
A. Egg r otein is a "foreign" protein.
B. The immune systam reacts to any "foreign" (non-self)
proteius by producing antibodies.
C. The body's specific reaction towards inject of egg protein.
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D. Cause and effect relationship i3 the body's reactioa.

Although it was possible to give a justification by adding:
"because egg protein is a foreign protein, when injected into the
blood system," most students were more elaborate in their
justifications (orly 4 gave this concise justification).

The above mentioned aspects as well as the choice, made by
the gtudents, on the multiple choice item, were used to identify
misconceptions.

All those students who chose options 1, 2 or 4 (62% of total
sample) basically held the same notion: injected egg protein is
not a foreign substance. This idea lead most of them (44%) to
predict that the protein will be digested by en~vmes.

Table 4 gives tl.e distribution of responses to the four
aspects, for the whole sample and for those who chose option 3

(best arswer) and 4 (misconception;.

It can be seen that category A enables us to identify 3
groups of students.
I. Those who indicated that injected egg protein is foreign
(34%). Most of them came from amongst those who chose the best
answer.
UI. Those who indicated that injected egg protein is not foreign
(21%Z). This group came mainly from amongst those who have chosen
option 2 and option 4.
III. Those who did not mention whether or not tke injected
protein was foreign. This group came ma.nly fiom amongst the

students who chose sption 4.

Further anulysis revealed the following (Fig. 1):
Group I shows 3 coherent and consistent line of thought; most of

them gave correct statements in both aspects B and C:

immune system can distinguish between proteins which are harmless

food from proteins which are not food (or harmful).
A

»

“~ e
e %
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* "As soon as a foresign substances is injected to the blood,
antibodies are produced. Egg protein is not part of our
body and therefore it is foreign. The body does not
distinguish foreign material which is food from foreign
material which is not foud."

Group II shows the existence of missing link in their knowledge

structure; on the one hand they know that egg protein is digested

by enzymes. Half of them also stated that antibodies react
against foreign proteins, Their missing link is in understanding
that injected proteins lead to a response which is different from
the response to "eaten" protein. They hold that the response of
the body is determined by the fact that egg protein is “food," or
by the fact that it has large moclecules which cannu.t euter the
cells unless broken down:

* "The body will not produce antibodies against egg protein

because it is harmless food. The body produces antibodies
only against antigens which can cause illness."

* "(The body will produce enzymes) in order to digest it.
Antibodies fight only bacteria but not proteins."

Group III which comes mainly from amongst those who chose option

4 reveal no knowledge about the immune system. Their

justifications include repetition of the option itself, and a few

elaborations explaining the function of enzymes:

* "Egg protein is broken down into amino acids. Each amino
acid is equal to three nucleotide bases. The breakdown is
done by enzymes in the stomach and it is absorbed in the
intestine. Each enzyme has its specific substrate."

The finuings described here also point to misconceptions
regarding the function of two distinct systems: the immune
system and the digestive system. Thus some students believe that

materials can be digested in the blood system and others that the

[4gy
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COMPARISON OF CONTENT OF JUSTIFICATIONS GIVEN BY GROUPS

FIGURE 1
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CONCLUSIONS AND IMPLICATION 23
The results presented here show the effectiveness of
Jjustifications to multiple choice items in uncovering
misconceptions of students. They also point to the gap which
sometimes exists between the degree of understarding as revealed
by the choice of the best answer and the understanding, as
exhibited in the justifications to that answer. Carefully
constructed multiple choice items are by themselves efficient in
corroborating our knowledge a%out existing misconceptions, 1like
item 2 or item 4. Their main function can be a means to
determine the frequency of known misconceptions among certain

populations of students.

The contribution of the justifications is two 7>1d:

1. Identifying misconceptions, missing links and teleological
thinking among students who are successful in choosing the
best answer.

2.  Achieving better understanding of notions held by students
who choose the distractcrs, and identifying their

misconceptions.

Thus we have shown that although a large group of students
chose the correct answer in item 1, meny of them reveal
misunderstandings of Mendel's Laws. A s!milar situation existed
among the students who chose the best answer in item 2 as
evidencedby the fact that about 1/4 of them did not mention the

proces: of photosynthesis.

In item 3 it was shown that students had suggested many
alternativ: explanations to the cause of water movement. Some of
these explanations were correct, others were incorrect. However
the relative frequency of each could not be deduced just from the
percentages of correct answers, which was relatively high, and
the analysis of justifications contributed significantly to our

knowledge on this issue.

A different situation was discovered in the justifjcations
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for item 4. Here it was found out that many of the students who
had chosen incorrect answers did so because their knowledge was
only partial. They did puscess and express some relevant correct
segments of knowledge about the immune system but could not apply
it correctly to a somewhat tricky situation - egg protein

injected into the blood.

The justifications given by students who had chosen
distractors were especially revealing as regards to
micconceptions. This is best seen in the justifications for item
2, option 4. As found in many other studies, our study shows
that abuut a quarter of the students in the sample hold the
notion that the plant gets its food from the soil and use this

notion in a very consistent manner.

A major implication of our study relates to the important
contribution that justifications to multiple choice items can
make. A requirement to justify select multiple choice items can
be of great help to the teacher in learning more about ti.. actual
depth of understanding of his/her students and in ur.covering
their misconceptions. In order to make the best use of the
potential of justifications, care should be taken in selecting
appropriate multiple choice items fecr this purpose. Gne
criterion for selecting such items is the inclusion of known or

conjectured misconceptions as distractors.

6
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The Effect of the Testing Format on the Distribution of the Results
Varda Bar
THE AMOS DE-SHALIT SCIENCE TEACHING CENTRE IN ISRAEL

Introduction

This problem was investigated by Staver (1986), in this paper and
in view of his earlier results (Staver, 1984; “taver and Pesiarella
(1984), he states that the influence of the testing is only marginally
significant. An effect was found only in problems indicated by him as
difficult. Staver (1984) studied the ability of the participants to
apply formal logic in the forms of proportional thinking and variable
controlling. Concerning operative knowledge (Lawson, 1982; Lawson,
1985) it can be assumed that when the child reaches the stage when he
is able to solve the problem correctly using his own logic, he can do it
in all testing conditions. He can then contradict the wrong suggestisns
included in the multichoice test. This is not the case when the
qualitative explanations and views that people have about physical
concepts or natural phenom2na are checked. In this situation the
participant ie not sure that he really knows the right answer. In
many times he is only guessing. The situation is more ambiguous, as
knowledge, as well as logic, is involved in choosing the right answer.
Thus when the participant is coafronted with the diversions o€ th:
multichoice test he can be tempted to prefer the choice of the wrong
answer. Especially if the wrong diversion contains scientific
terminology, learned but not fully understood. In this situation the
participants cannot reject the wrong answer, since they do not have
enough knowledge. Thus, in the studies of the qualitative *iews about
nature test format becomes important, and might have a significant
effect on the distribution of the results.

Ditierent testing methods have been used in previous research. To
enable the comparison of the results of various researches to each other
the effect of the testing methods should be checked.

In this study three kinds of testing methods were used. An
individual oral test, a multichoice test and an open ended written test.

Carrying out all these kinds of tests enabled us to perform the task of

ERIC i
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finding out the effect of testing f (mat on the distribution of the
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results. The subject that was included in these tests was children's

ideas concerning boiling and evaporation,

Method

Design and tests
This investigation was carried out in three phases.

Phase One

In phase one the oral individual testing method (Piaget, 1929;
Piaget, 1972) was used. This method is the only one considered suitable
for testing young children. up to the age of nine (Bar, 1987a; Brainerd,
1974). The age range observed during this phase was five to twelve
years, the number of participants was eighty-three (see figure 1) with
equal numbers of boys and girls. The participants came from a city and
are of a middle class background. The test was presented in the form of
a dialogue. Each participant was presented with boiling wster and was
asked to describe his observations. Then he/she was asked: what is the
vapour made of? what will happen to the quantity of water? where does
the vapour come from? and can vapour be changed again into water.
Concerning evaporation they were asked what happens to water that was
spilled on the floor, and where can this water be found.

Phase Two
During this phase five multichoice problems were presented in the
following order:
1. Vet iaundry was hung on the rope, it became dry. The water:
a. Went into the sun
b. Is in the laundry
¢. Changed into air and disappeared
d. Changed into hydrogen and oxygen
e. Changed its form and is scattered in the air
2. Water was spilled on the floor, the floor became dry. The water:
a. Disappeared
b. Penetrated the floor
c¢. Is scattered in the air of the room
d. Can be found near the ceiling




3. Can vapour be changed into water?

a. Yes, since vapour 1is another form of water

b. No, water just changed into air and disappeared
C. Vapoui .an change into water only in the clouds
d. This happens only during winter when it rains

i&
4

A wet saucer was left on the table, it became dry. The water is
row:

a. In the saucer

b. Changed into air and disappeared

c. Chauged into hydrogen and oxygen

d.  Just changed its form and scattered into the air

3. When water is boiled, vapour appears. The vapour is made of
a., Water

b, Ailr

c. Hot air

d. Heat and water

e. Hydrogen and oxygen

The diversionyof the problems were taken from the answers collected
during phase one, and earlier invest zations. Za'rour (1976)
i ~gtigated the "drying of the laundry" and Osbor-e and Cosgrove (1983)
investigated the "drying of the saucer." The age range of this phase
wag between ten *o fourte~n. Other details of sample and population are
similar to those of phast- .ve The numbers of participants in each age
group 1s given in figure ~ to 5. One age group parti ipated in phase
one as well as in phase two, thus enabling us to check the influence of
the test format on the r«sults.

Phase Three

Ducing phase three the same problems represented at the same order
as 1n phase two were presented, but in an open ended form. The age
range and population were as in phsse two. The number of participants
was two hundred and forty, sixty at each age group. Thus we were abl.
to check if the differences recordad are solely due to the difference
between the open snd closed tests or that they may be due to effects of
the a) age range and population, b) the context or c¢) the differente

between an oral or a written test.

Results
Phase One

The results of phase one are - +en in fig. 1, and can be summed up
as follows:

The understanding of boiling precedes this of evaporation and
condensation. In all the age groups examined, during phase one, about
fifty percent or .Jore of the participants said that when water is boiled
vapour 1s initiated, this vapour is made of water, the quantity >f water
is reduced and the vapour is coming from the water (figure 1, B, C, D
and E).

The understanding of evaporation and condensation as a function of
age are parallel to each other (fig. 1 A and F). The pe-centage of
correct arswers for these items reaches 60 at most, and is smaller than
the percentages of correct answers recorded for all the problems of
boiling at 8!l the age groups.

Phage Tuo

In this phase the evaporation problem was presented through three
contexts. The distribution of the results concerning the problem of the
drying of the floor is given in fig. 2 It is similar to that of phase
one. Figure 2 shows that the percentages of correct answers in the age
grong t.zt - :ipated 1 both phases are similar. The diversions did
Lot Av s psrticipante since they are .,pical to younger age
8roups anu 1 sesent only minor views at the age range ten to fourteen
(Bar, 19870). The percen%age of correct answers reaches 82 at the age
of fourteen, The effect of the diversions is demonstrated though in
fig. 3, where the di.tribution of the answers given to the problem of
the drying of the laundry is shown. The percentage of correct choices
was reduced considerably and it reaches only 30% at the oldest age group,
ouly 40% at 1.:.5 years (fig. 3, E). Instead the diversion that says
that during evaporation the water changes into hydrogen and oxygen was
frequently chosen (Fig. 5, D). This answer was recorded only once
during ph.se one. This result shows that the participants are not
really sure that water vapour is another form of water. Even in the
open ended test many of them say that the vapcur consista of air. The
idea that during evaporation the water molecule disintegrates into

hydrogen and oxygen is hardly found _n the oral test, but was oftenly
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recorded during phase two, this result demonstrates the effect ¢f the
testing method. In fig. 4 the views concerning the problems of the
"drying of the saucer™ are given. According to the order of the test
this problem was solved af:ier the problem of the "drying of the floor"
(fig. 2) and the possil'.lity of changing vapour into water were already
solved (fig. 6). Comparing the results given in figure 3 and figure 4
we see that the percentage of correct answers appearing in figure 4 is
tvice as much as in figure 3. But even then the percentages of the
answer "hydrogen and oxygen" are rather high and exceed considerably
this of the oral test (as mentioned above it was recorded only once),
demonstrating again the effect of the testing.

The clear conclusion of phase one, that the understanding of
boiling precedes this of evaporation was not recorded in phase two.

When confronted with the possibilities that when water boils it changes
into hot air, or to water and heat, the percentage of correct answers
reduced from 33 to 3 at the age group eleven and five months (fig.
5). The percentage of correct answers grows as a function of age and
reaches 58 percent at the age of fourteen but even then it is less ~ han
the percentages recorded in phase one. The misconceptions heat or hot
air were recorded occasionally also in phase one, but onlyarew answers
of this kind were found and their percentage in the whole sample is less
than three. Again the effect of the format is very apparent.

In figure 6 the distribution .f the results concerning the problem
of condensation is given, The distribution of the results is similatr to
that of phase one and to the percentage of « .rrect answers to the
problem of the drying of the floor (figure 2). This demonstrates again
the result of phase one that the development of the understanding of
evaporation and condensation are parallel to eacn other.

The results of phas. three were similar to those of phase sne.
Phase three probed the same contexts as phase two, at the same age range
as in phase two and more over it was a written test as in phase two. 1In
spite of all th¥aithe results of phase three are the same as those of

phase one and not as those of phase two.
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Concluding Remarks

The results of these investigations show that vhen qualitative
probiems checking children's understanding of physical concepts are
studied, the format of testing is significant. Misconceptions that are
hardly found in the open ended tests, oral, as well as, written are
recorded in considerably high percentages in the multichoice test. It
is worthwhile to mention that when our participants, wera presented
by sirdlar problems,in the same format and using the same diversions,as

in eurlier investigations, our results were similar to those appearing

in those earlier studies. Thus the effect of the test format and the
choice of the diversions should be taken into account while referring to
previous results also.

Though the same views were recorded in the open ended rests and in
the multichoice test their distribution was changed considerably. Many
p.~ticipants are drawn to the "scientific" suggestions and prefer them
above the right answers that they would have given in an open ended
situation. The same thing may happeng'also, in the class. When
learning chemistry and being exposed to the concepts of hydrogen and
oxygen the same mistakes that were recorded in the multichoice test can
occur. The pupils may change their ideas frowm the correct one,to the
wrong idea that during evaporation the water changes into hydrogen and
oxygen. Another misconception is the idea that energy has some materinl
meaning. It occurs also sometimes in the open ended situation. But the
frequency of this view is very much enhanced when it is presented in the
multichoice test.

There i3 some difference between the misconceptions that appear
¢ -cerning the various concepts. In tne boiling problem the idea of
heat is more self-suggested, thus the misconception ", drogen and
oxygen" is less frequently recorded. This misconception is more
abundant with regard to the problems of evaporation.

While teaching science it is recommended to pay attention to these
findings which indicate that the . pils tend to misinterpret scientific
concepts and processes and use them wrongly (see also Osborne and
Cosgrove 1983). The effect of he testing format shows that even those
who give right answers in open en'ed tests and in the class are not sure
about the correctness of their own euswers, as they can be misled even

by a diversion in a multichoice test.
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Figure Captions
Figure One - The developnent of the conceptions of Boiling, Evaporation

and Condensation

Evaporation

A. Peircentage of correct answers to the problem of the drying of

the floor
Boiling. Percentages of answers given to the following items:
B. When water i3 boiled vapour is seen, this vapour is
"coming from the vesael.”
C. The vapour is coming out of the water.
D. The quantity of water is reduced
E. The vapour is made of water
Condensation
F. Percentage of correct answers to the problem "Can vapour

change into water?"

Figure Two - the drying of the floor
A. The water disappeared
B. The water penetrated the floor
C. The water changed form and is scattered in the air.

D. The water is near the ceiling

Figure Three - The drying of the laundry
A. The watzr iz in the sun
B. The water is within the laundry
C. The water changed into air and disappeared
D. The water changed to hydrogen and oxygea
E. The water changed it< form and sczsif:red in the air

Figure Four - The drying of the saucer
A. The water entered into the saucer
B. The water changed into air and disappeared
C. The water changed to hydrogen and oxygen

D. The water changed its form and scattered in the air
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Figure Five - The vapour coming from boiling water is made of

8

A. Another form of water

<
B, Air $ 8o}
C. Hot air g
D. Vater and heat 'g 604 F. are 1
E. Hydrogen and oxygen S
W
S 401
Figure Six ~ Can vapour be changed ino water? s
A. Yes, because vapour is made of water 'g 201
<«
B. No, because the water changed into air and disappeared g
C.  Vapour changes into water only in the clouds * 0 6.3 7l3 913 ”L3 mean a
D. Vapour changas into water only in winter when it rains ) ) ) " years u?n’d months
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THE DESIGN, IMPLEMENTATION AND EVALUATION OF A
MICROBIOLOGY COURSE WITH SPECIAL REFERENCE
TC MISCONCEPTION AND CONCEPT MAPS

Hanna Barenholz and Pinchas Tamir
Israel Science Teaching Center

Hebrew University Jerusalem

Introduction

Ausubel's learning theory (Ausubel 1968 and Ausubel et al
1978), is based on the assumption that human thinking involves
concepts. He further postulates that a hierarchical structure of
concepts is an important variable in students' learning. One of the
most important distinctions in Augubel's theory is between rote
learning, and meaningful learning. Meaningful learning according to
Ausubel's theory depends upon the idiosyncratic concepts the
individual holds. For Novak's (1979) theory of school learning,
concepts and the propositions describing relationships among them,

are also of primary importance.

The desigr of concept maps, is described by Novak as: "A
process that involves the identification of concepts in a body of
study materials, and the organization of those concepte into
hierarchical arrangement from the most general, most inclusive

concepts to the least general, least specific concepts” (Novak 1981
p. 3).

Ferry (1986) claims that a Lrain needs tu compare new
informaticn with what it already knows, and the best way to store
information is in modifiable networks.

Following Hertig’s (1976) call to biology educators and
learning theorists, to combine their talents, to improve the quality
of biology educacion, Stewart et al (1979), demonstrates low concept
maps (C.M.) can be used in biological curriculum pla.ning,

instruction and evaluation.

ERIC 7
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Concept maps were used as instructio.al aids as well as for
course design examples: In earth science Ault (1985), in
mathematics Malones and Dekker (1984), in physics Moriera (1978) in
biology Novak (1979), Stewart et al (1979), and Novak and Symington
(1982).

There are several different styles and proczdures as to the way
concept maps are designed and evaluated which indicates how widely
maps are used (e.g. Matthews 1984, Novak 1979, Cronin et al 1982,
and Stuart 1985).

C.M. as ai.. investigating tool of meaningful learning was used
by Novak (1979), Edwards and Fraser (1983), and Brumby (1983).

They were employed at different age levels with various ethnic
groups, Leman et al (1985) including junior high school Novak et al
(1983), senior high school Gurley (1982), and cullege students
Arnaudin et al, and Moriera (1979).

Reading and remedial reading is anotner area of research which
has used concept maps. Since educators and reading experts agree on
the importance of the organization of texts and other learning
materials, as a factor in comprenension and in facilitating memory.
Berkowitz (1985) compered ex_erimental methods of content
organization in the teaching of reading to sixth grade students.

She found thac the group of students who constructed maps scored

significantly higher than rhe other groups.

Brooks et al (1983), based their research on Anderson's ""Schema
theory." They found that students trained in the use of schema,
significantly facilitated their recall of scientific text.

Camperell et al (1985). Showed the use of "network diagrams," which
are very similar to concept maps, as a tool for teaching remedial
~eading. These maps or network diagrams were more helpful than

outliines.
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According to Spiro and Taylor (1980), Anderson (1983) and Meyer
et al (1984), readers who are sensitive to text structure appear to
recall more irformation than others. They believe that if students
identify the structure of the learning ma‘erials their recali may be
enhanced. All these findings seem to support the learning theory of
Ausubel and Novak (1978) and its implications for science education.

Another aspect in science learning, which concerns science
educators are the large number of misconceptions, which were
identified in gll areas of science, those seem to interfere with

proper learning. For examples see Helm and Novak (1983).

In our study special emphasis was drawn to identification of
learning prnblems and misconceptions, while designing our learning
program. The program was designed hierarchically, and concept maps
were used as a main heuristic device tbrough all stages of research,
from planning and desizning of the learning program, through

instruction and evaluation.

Material and methods

This study reports the development of a microbiology course
based on Ausubel and Novaks' learning theory (1975). It's
implementation and evaluation in the classroom.

The main characteristics of the developed curriculum were:

a) Enhancing meaningful leecrning by exposing students to
hierarchically organized learning material. (From general
ideas through concepts to details and examples).

b) Identifying learning problems and misco. :eptions, and referring
to them in the program.

c) Using concept maps (C.M.) as a basic strategy through all
stages of pianning, designing, implementation in the classroom,
and students' evaluatior.

d) Updating the subject matter with current conception of

microbiology.

Owr Work was Ccu-ruc( Ou* w § s squaesg

Preparatory stage - This stage included:

Collected information on existing learning materials, in

microbiology, for high school students in Israel - It was found, in
the years 1979-1980, that most microbiology courses were using the
Hebrew version of the B.S.C.S. (Yellow version text) as published
about 20 years ago.
Identifying learning needs - Was accomplished by: Talking to
teachers, visiting classrooms, reviewing science education journals,
reviewing study programs, local and foreign It wac found that
microbiology had been ta ‘ht in Israeli schools in tenth or eleventh
grade, and sometimes in twelfth grade. Time devoted to the subject
ranged from several weeks to several months.
Updating the subject matter - Was accomplished through current
scientific literature and discussions with microbiologists.
Identifying new scientific knowledge thaht is relevant to education.
In science education journals we found examples of such
knowledge. For example: The newly established primary kingdom of
organisms, the "archabacteria™ Evans (1983), Lennox (1983);
previously unknown diseases Sobieski (1984), and ~he importance of
taxonomy in biology education Honey et al {1986).

Identifying learning problems and misconception - was carried

out during the preparatory stage, as well as through all other
stages of the research

The sources of this information were: science educaticn
literature, results cf the matriculation examination (those are the
final examinations given to high school majors), classroom
observation, students concept map, and variouy tests we administered
in some high school classes.

We concluded from the Preparatory stage that:

1. There i: a need for an up-duted learning program in
microbioiogy.

Co




2. This program should be modular, so that it may be adapted for
different s*udents' levels, and different lengths of time.
3. Special attentivn should be given to learning problems and

misconception,

Developing the learning program
Based on those conclusions the program was developed, Table 1

summariczes the three stages of the developnment.

I: all the stag ~ informal class:oom observations were made, as
well as collecting students' written work such as: examination

papers, anr* cor:ept maps.

Table 1: Developine stages of the learring program, and their main
characteristics.

Since we'll report in this paper mainly the results obtained at
the summativz stage, classroom procedure and students evaluation

will be described for this stage.

Classroom procedure

No. of No. of
Developing v-its classes
stage Characteristics developed studying
Pilot ~ First experience with C.M.
a. As part of programs text
b. As part of student's work one ore

-~ Many ready made C.M. were
included in the text
-~ identifying learning problems
Formative - Longer exposure to C.M. exper.
- Less ready made maps in text

~ Move student's prepared maps 5 modular 5
-~ Considering learning problems
elready de.ected
Summative ~ C.M. became ar integral part
of the program 8 modular 16

~ More learning problems were
treated.
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At the summative stage 16 classes participated. 10th 1llth and
12th grades, in this report -o distinction was made between the
different gra‘as). The classes were divided into 3 groups:

1. "Mappe.s" - map instructed group "mappers" who studied our

learning program and worked with C.M.

2, "No maps" - this group studied the program, but was not
required to construct C.M. "no maps.”
3. "Comparic¢on" - this group studied the ®,5.C.S. curri.ulum

without mapping exercise.

Srudents' evaluation

Students’' evaluation through all stages of this study was based on
paper and pencil exams, including several types of examination items,

for deteils see Table 2.

Mapping strategies
Two main types of concept maps were used during this study:

1. Ready made C.M. which were an integral part of the text.

2, Students' constructed C.M. of the following types:
Partial m> s - had to be completed, maps that had to be
constructed following a supplied list of relevant concepts and
finally maps that had to be cunstructed from students own fund

of knowleige (see also Table 1).

Introducing maps

This was done in three iifferent variations at each stage:
Pilot stage - Students got an e.ample of 3 ready made C.M. ‘Then
they obtained a list of microbiological concepts, which they were
asked to organize into a C.M, similar to tae exampie given.
Formative stage - In this stage, the "mappers"” were introduced to a
modification of Novak's "Leerning how to learn" (1981) exercise.
Summative stage - The introduction to C.M. is included in the preface

-
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to the program’s textbook. I* is composed of: A short explanation Teachers vere asked to write a report about the course

about the importance of knowledge organization, an example of a C.M. procedures, and to answer an attitude questionnaire, about the
summarizing & short text, and instructions for self assembly of program and working with C.M.

C.M., also summarizing a short text,

Table 3: Students' attitude evaluation in the various stages of
8

Students' attitude toward C.M. and the learning program study
The pracedure in which attitudes were assessed are summarized
in Table 3. Stage of study attitude assessment
Teachers'* involvement in the learning program pilot oral discussion with students
Pilot stage - No direct tescher involvement was required at this stage.
Formative stage - The biology teachers taught the subject matter, while formative “wort questionnaire about the, text, one
introduced tha C.M. general question about C.M.
Summative stage - Teachers taught the subject matter, as v as
C.M. according to the introduction of the program, summative more detailed questions* about both text and

maps also questions comparing mapping to
other learning methods.
Table 2 pretest and posttest procedure

pretest posttest *A modification of Arnaudin et al (1984) attitude questionnaire
concept definitions Results
self-evaluation of concept undarstanding We differentiatad between two main types of misconceptions: 1.
multiple choice questions general principles and 2. related to specific concepts.

open-ended questions

1.  General principles

"reasons" to multiple choice Many students do not understand the role that microorganisas
answers C.M. for "mappers,” play in nature, their role in material cycles, especially as
openended for others, decomposers, and their importance to mankind. This was first
attitude questionnaires reve .ed in enswers ;iven in matriculation examinations.

Following these findings, the same questions that were asked in
the matriculation exams, were asxked in our pretests (Table 4). In
the pretest only SZ of students could «:plain the role of

uicroorganisms in notu.: 36. i foo? teor and in different material

*We like to thank all the teachers and students who participated in cycles ("complete” answer Terle &), 44% vev. rartisl answers,
this study for their cooperation ("partial") and 41% thought thet microorgasicss --re either harmful
. . e
) - .0 -y
[Elz:i(:« S FY)
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or else unimportant ("wrong answer"). Even a larger numbe. of
students couldn'c explain the importance of microorganisms to
humans: for example none of Lhe students mentioned the natural
Abcut 30Z, if given

the choice, would have eliminated bacteria and other microorganisms

microflora c¢f our bodies {*“complete answer").
from Earth (w.rong answer"). 3% of students had, stated that any
creature which God or Nature have created has it's place on Earth

and shouldn't be extinguished ("God's creation").

Other basic misconceptions were revealed when students had to
explain the biological principles of tood preservation. They failed
%o understand that in order to preserve food we create conditions
which are not favorable for microorganisms, by changing one or more
of the basic conditions of life, such as temperature, or water
supply . The answers showed that less than 157 gave a full
explanatian to those questions ("complete answer,” see table 4).

2, Specific concepts

Antibody - in the pretest only 7% were able to define this
concept ("complete answer," tabie 5). Results of a multiple choic~
question in the matriculation examination, sh * 587 of correct
answers, and 14% in our pretest, to questions . ated to the nature

of antibiotia(Table 6).

Antibiotics -- only 3% wrote in the pretest a complete
definition of antibictics ("complete ansver"). Ccmmon
misconcepticns were: "Antibiotics iv help antibodies* fight
bacteria," or "anuibiotics combine with antibodies and behave like
one" ("wrong" and "confused with antibody" answers table 5).

Students were also asked: "How is resistance against
antiviotics developed? and what is it's medical importance?" These

quesiions were asked at matriculation exams, and in our

*In Hebrew the concepts antibiotics and antibodies sound different

than in English so there is no question nf scmantic confusion.

Q

questionnaires. In the p'etest 197 (multiple choice question) chose
the right answe ("complete answers" table ¢), 31% thought that
bacteria develops antibodies against antibiotics, this was true also
for 277 of answers to matriculation exams, 247 of the students in
the pretest thought that "the human body develops resistance against

the antibiotics."”

Sume mir-onceptions were particularly uncovered in C.M.

prepared by students. Examples: Inability to differentia*e between
prevention and curing of diseases and misun‘erstanding of Xoch's
postulates (Exhibit 6). Misunderstanding of material cycles in

na‘.ure is another example.

Some misconceptions were mainly uncovered during classroom

observations, example:

"The role of water *n n.:ataining life" - The question rose
while discussing what are the growth needs cf bacteria. Water is a
basic requirement for every form of life. It turned out that for
many students in the five classrooms we observed t..is was nct clear.
Similarly, many students did not understand the importance of other

basic substances such as carbon and nitrogen.

Multiple choice questicns were yet another source to uncover

misconceptions (see teble 6).

Dealing with misconceptions in the learning program, and its effect

on students posttest results

While developing the learning program, special emphasis was
given to the topics and concepts in which learning difficulties were
identif ed.

We'll describe how some uf throse topics were treated in our

program, for example: "The imporiance of microorganisms in

nature, and *, men." We prepared a C.M. summarizing this subject.

80
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This C.M. served as a guide for developing the first chapter of our
book. This mep is not included in the book. However students
"mappers" were asked to summarize this chapter in the form of a C.M.
The maps produced t.rned out to be very clear, and meaningful
(Exhibit 4). This was also one of the main subjects included in
students final maps. Answers to the questions in the posttest
compared to the pretest (see Tables 4, 5, and 6), showed a big
improvement in the groups that participa:ed in our learning program.
The comparison group didn't do as well. There also seems to be a

tendency ¢“ "mappers"” to score somewhat higher on those items.

"The essentials of life maintenance, and the biological

i

princip .es of food preservation.” In thc learning program the
essentials of maintaining life was explained in the .ond chapter,
later in chapter 7 application of these orinciples were explained,

as the basis fo food preservation.

The questions about food preservation in the posttest were
identical to those given 1. the pretest. Students' answers (Table
4) showed improvement, compared to the pretests, although not as
much as we had hoped for. As with the previous items, students

working with our program scored hignher than ccaparison students.

Similar treatment was given to other misconceptions, mentioned
earlier, antibodies and antibiotics. In order to improve
understanding of those concepts, students were required to couspere
between them. As a suggested treatment for the "distinction,
between prevention and crring of disrase,”" students were asked to

draw a C.M. For posttests resul.s see Table S.

Again test groups scored higher than the comparison, and
"mappers" show a tendency to score somewnat higher than tue others.

Similar results are obtained with multiple choice qu:estions
(see Table 6).

Working with concept maps

C.M. were used throughout the whole program, for various
purposes: The first map (Exhibit 1) presents the overali ides of
the cour< .. Exhibit 2 is on example of a map that summarizes a
large body of knowledge, as introduced in the pilot unit.

Examples of well designed maps prepared by students are Ezhibits
4 and 5. A C.M. summarizing one defined subject or the main

features of the course (Exhibiz 3).

Students were encouraged to a1 relevant concepts, of their own
knowledge, while design -y maps with the help of a concept list.
Exhibit 5 is an example of such a map. This kind of map zlso helped
uus understand how newly acquired concepts are integrated in
students' mind.

Exhibit 6, reveals misunderstanding of Koch's

postulates and in complete understanding uf prevention and curing of

disease.

Exhibit 7 is a teacher's prepared wmap, for iastruction design.

vard C.M.

It is quite clear, from students answers, (on a Likest scalc

Att’ tude.

questionnaire), that Novak's main igeas about C.M., as an heuristic
devise, are understood by many of the students who studied with
them, as an integral part, of the learning program. Between 40%- ua
thought it is a very good method, about 40% vwere uncertain, and
between Z0%-30% didn't 1like it. C.M. scored ihe highest compared
weth theee other learning activities namely: Answering questions,
(Table 7, as
a means for understancing of concepts, u-.derstandding their the

reading scientific papers, or organizing information

relationships and hierarchy. iore than one-third thought that C.M.
are a good way to study biclogy (Table 8) but only 7% thought they
might use them in other subjects, about 407 thought that C.H.

reflect well their knowledge in a certain subject, and helped them

Y




in arranging their concepts meaningfully. Only 20% tnought that
maps help in uncovering misconceptions. Only 8% thought that
concept-mapping is a pleasant activity, ard only 5Z like to discuss
their maps with friends. Most of the students .nought that mapping
is neither difficult nor a waste of time. ft'or more details see
Table 8.

In answers to an openended question that students indicated,
C.M. were a suitable wav %o study the following subjects:
Microbiology, biology, social science, sciences. And to the
question "to what ways do you think maps can be of help," 55%
answered taat it is very useful in organizing learning materials,
162 thought it might be helpful sometimes, 21% stated that mapping
is a pleasant activity but not useful, and 87 thought it was not
useful at all (Table 8).

Students’' comments about working with C.M. revealed substantial
variability in their attitudes. For example one of the students
even though her maps were excellent, stated: "I think preparing
maps is & waste of time, I ~suld rather get prepared ores.” Another
good mapper said: "preparing maps help me remember learning
materials, but it isa’'t fun studying in this way." Several studeats
t'ought that: "Mappirg is Jifficvlt or a total waste of time."
Another student on the other hand felt that, "mapping made learning
more exciting.” And still another said "maps are very helpful."
Some students stated that their atti*de toward mapping -nanged with
experience. First chey thought mapping s just some ¢xtra

unnecessary work, but later with more experience they had come to

r: alize that maps are very helpful.
The experience C.M. had some additional effects. There are

Others who voluntarily prepared maps in the atcrobiology course,

even when other ways of summarizing had beer. suggested.

some students who prepared maps on subjects other than biology.
‘ One student who siffers rerebral damages, and has some motoric

and learning difficult. :, found mapping extrenely beneficial.

Q )~
ERIC Y

Aruitoxt provided by Eic:

—@

Some culturally deprived students, found working with maps

helpful and rewarding.

Some of the teachers who work  with us started planning their
own classroom instructions with the help of maps not only in
microbiology but in other biological subjects, like ecology and

genetics as well (see Exhibit 7).

In classrooms where teachers were favorable toward mapping,
their attitude was reflected in the quality of maps drawn by their
students, as well as their attitude. The attitude of students of
two such teachers compared with the whole population of mappers,

show higher scoring on most items (see Table 7).

Those teachers also stated that C.4 were an excellent tool for

them to discover misconceptions of their students.

Attitudes toward th2 learning program

Almost 70% of the students thought the materials were very
clearly organized and con;itituted an excellent way to study

microbiology.

DISCUSSION AND CONCLUSION

Organizing a learning program hierarchically according to
Ausubel’s and Novak's theory, and using concept maps as a main
device, was very well received by students and tez~hers. It was
also a very rewarding experience. The program was found helpful in
improving some learning difficulties revealed in matriculation
results, as well as in our pretests, as shown in some of the

examples we gave.

The topic and concept in whizh learning diff. 1lties and
misconceptions vere identified, were specially treated in the
developumenc o, .ie program. We tried to reveal possible sources for

their occurrence and to treat them accordingly, e.g. students’

30
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belief that microorganisms are tarmful, probably originates from
everyday experience with micr ganisms, and their related medical
aspects. This assumption is based mainly on the pretest answers.
This svbject was carefully treated by planning the text with a
"master map." The rather well progress students made on the
questions related to these problems, compared with pretests ard
"comparison” group, might be due to the organization of this topic

in the program.

Another source for difficulties we recognized might be the
content and¢ organization of textbooks. For example based on the
examination of biology textbooks and discussions with teachers, it
seem3 that the essential living condition. are usually not
That might explain the difficulties found in

the understanding of the need for water and other life nzcessities,

explicitly expl.ined.

this is probably the source for lack of understanding of biological

principles of food preservation.

The relatively small progress students made in this area, might
be a result of too little emphasis put on this topic by teachers.
This was reflected in teachers' written reports and in discussions,
where they stated that students know already these "simple" topics,
and there is no special need to restudy it,

The mist aceptions regarding the nature of concepts like
"antibody,"” "antibiot..s" or "how is the resistance against

" were very

antibiotic develuped? and its medicel importance,
consistent through matriculation results for several years, as weill
as in our pretests. Posttest and final maps showed improsement on

those topics, although less than we hac hoped for.

The confused answers to the question "What is the medical
importance of bacteria developing resistance against antibiotic,” ae
siuilar to results obtained by Brumby (1984), on the problem of
"national selection caused by antibiotics." Brumby also found that
students confuse antibiotic with antibody. Answers of the type

"bacteria develop antibodies against antibiotic” seem to be of an

G

<. 4,

intuitive nature and common among many students all over. These
kinds of problems are probably hard to change, as shown in our
re. :s. Maybe teachers have to get better instructions, to focus
their attentions to those problers, which seems to be consistent

e.en after instructions.

Based on our experience we think mapping has a great potential
for planning and developing learning programs as was exercised in
developing the program in microbiology. It also served as a
planning device for some of the teachers who were introduced to

maps, and found them helpful.

C.M. also served as one of the means for discovering
misconceptions for the researchers, as well as for teachers. As for
students work, there are indications, that many of them recognized
the value of mapping for knowledge organization, concept
understanding and hierarchy, even thtugh not many thought that C.M.
is a pleasant cccupation. The results of the attitude questionnaire
are similar to those of Arnaudin et al [1984). Since we have
indications that teachers influence on their students' attitude
toward C.Y., and their map quality as well. It might be rewarding to
train more teachers for a lornger period of time, so that more
teachers can explore the possibilities of an additional learnitg
device, and learn mure about their potential and possible uses, for
themselves and their students, as one of the ways to improve

meaningful learning.
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Tzble 4: The distribution of stvdents’' ensvers to pret~st and posttest cuestions about general
principles.
Pretest Posttest
openended type of no. of  compar=- no. of compar-
quastion ansver mappers aaps is’on total BEppers nans  1s”on tota)
n=l57 n=23 nal6 =196 n=233 =69 n=él nalse3
Importance
of ajcro- complete 19 0 0 15 53 48 34 0
orgsnisas partial 45 60 19 &b 42 &b 49 42
in nature wrong 36 48 81 41 6 9 17 8
nal55 n=19 n=23 n=228 n-67 a=334
Importsnce
of micro- complete 0 0 0 0 46 34 3 39
orgsnisas partisl 37 16 13 31 37 52 85 48
for sen wrong 63 84 87 69 17 13 13 15
n=206 n-32 am31 n=269 n=236 n=b4 =47 an34?
If possible complete 22 9 0 18 65 58 26 9
vould partisl 46 47 58 48 26 36 49 31
eliminate God's
ajcro~ creation 3 3 7 3 - —_ 2 0.3
orgsnises wrong 27 41 36 32 9 6 23 10
Biological principles of food preservation
=203 ne48 a=35 n=280 =236 =45 na24 =305
complete 2 13 0 3 41 22 29 37
drying partisl 28 13 [N 23 38 31 21 36
wrong 3 35 q) 35 bT} %} 50 2%
=179 ns5] n-30 n=250 n=2] n=37 n=l6 ne263
complete 18 [] 7 15 51 62 44 52
salting partisl 35 24 33 33 30 30 31 30
wrong 46 67 60 52 19 8 25 18
n=255 na57 w43 a=325 n=226 n.49 n=32 =307
complete 16 10 14 14 31 18 19 28
Freezing partisl 11 4 12 10 17 25 12 18
wrong 73 86 7% 7% 51 57 69 54
=233 nwid8 8e33 a=314 =234 =52 n=32 n=318
zomplete 13 0 0 10 41 52 28 42
Pssturizing partisl S2 21 33 45 51 33 47 48
wrong 35 7% 67 45 8 15 25 1¢
*For ansvers exasples see text
Q2
Y J
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Table 5: The distribution of answers to specific concepts, pretast and post-test results
Pretest Posttest
type of no coapar- no .. compar-
concept answver  mappers saps isew ! total mappers maps isow total
ne230 1 54 n=4s 12385 || nm217 79 n=36 ne3e?
complete 8 4 2 7 49 42 6 43
partial
ar .1body right 31 35 3 38 37 38 31 31
parcial
wvrong 37 37 20 35 12 12 S0 21
wvrong 2 30 47 26 1 7 14 3
=191 n=S7 nablb na337 n=209 n=9] nw3S nn362
cozplete 2 F 7 3 58 41 9 48
po1tisl
right 4 0 2 3 12 7 20 11
anti- partisl
biotics wrong 56 53 46 s3 14 32 49 23
wrong 14 14 5 13 5 6 6 5
confused
with N
antibody 24 37 41 28 10 15 17 12
*For ansvers examples sce tex:
Table 6: Distribution of multiple choice answers, pretest and posttest questions
Pretest Posttest
no compar= I no compar=
nappers naps is»n total | mappers maps iscw total
)i
Hov does antibiotics
effect basteria®
Choice of answers: n=248 a=66 =52 n=366 n=245 n=?3 =55 n=373
1. pH change 7 6 11 7 1 6 6 2
2, disturbing bacteria
metabolise 16 4 17 1“4 72 73 55 70
3. osactic change 12 1" 10 11 17 6 7 13
4, helps antibodies 66 81 62 68 10 16 33 15
Why is resistance to
antibiotics s medical
problee? Ansvers: n=254 =68 =49 na371 ne2i8 n=6h8 n=55 n=371
1. bacteris develops
antibodies 32 31 27 kN 12 26 29 17
2. husan develdps
resistance 21 25 25 22 9 9 20 11
3., rcsistant bacterie
can multiply
undisturbed 21 16 12 19 62 47 26 54
4, people develop
side effects 26 28 3?7 28 17 26 19
®Encircled sre t correct snsvess
Q0
3 T /x



Tebla 7: Attitudes towsrd werk with saps compsred to other lesrniag
sethods. Distribution of snawers (n=218)

Type of sctivity studying organizing organizing
ansvering scientific  knovledge knosledge

Activitiss helps in: questions paper in tebles in C.M.
1 2 3 1 2 3 1 2 3 1 2 3

Rsising scroul wmarks in
biology 22 40 38 38 29 24 32 39 30 40 3 26

Undsratandiag concepts
lasrned 21 39 4l 29 38 33 25 40 3% 29 30 41

Undsratanding concepts’
hisrsrchy 42 38 & 32 39 29 22 39 40 31 26 43

Understanding how concepts
sre linked togethsr 39 40 21 32 46 2% 15 39 &S 19 19 &2

Concantrating in msin
subjects 31 3 33 22 39 39 24 36 40 32 24 33

\] = disagrse, 2 = not cartsin. IS strongly agree)
Teble B: Attitudes tovard concept maps, compsrison of "mappers” populstion

("sll sappers") to two clessrooms vhere teacher specially favored maps ("tescher
sappora”™) distribution of snswers.

All sappers "teacher mappers”
ne263 n e 62
not sgree not agree

Attitudes towsrdé C.M. disagree certain astrongly | disagree certsin  strongly
1. C.M. 1s a good way to

study biology 22 47 k) 16 36 48
2, 1 intend to study other

subject matter with the

help of C.4. 45 48 7 42 S3 S
3, It's difficult to

prepars C. N, 40 47 13 62 28 10
4. Mapping 1a @ wasts of tise 46 37 17 59 32 10
5. Maps reflect sy knowladge

in certein subjects 16 45 39 15 &0 45
6, C.M. hslyp srrangs

concepts seaningfully 20 2% [ 16 29 55
7. C.M. halp discover

concepts got undsrstocd

very well 38 43 19 32 54 14
8. I would iike sy teschars

to prepars C.M. 1in cless 38 43 19 24 54 22
9. It's pleasint to prapars

C.M. 23 39 8 43 46 11
10: I 1ike discussing (.M.

with frisnds 69 26 H 9 8 3
Openended guestions sbout C,M, (Tall msppers”)

s. In vhat subjects do you think nons  Microbiology Biology Scisncs S.Set.
C.M. could be halpful (n=178) 11 30 21 11 26
b. C.M. srs an hauristic devics nice but sonstines very
suitable for knowlsdgs orgenization disagres aot halpful thelpful halpful
{ne95) 11 21 16 S5
O [
ey
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MICROBIOLOGY
COURS

integrates

LEARNING THEOR

includes includes

Exhibit 1: A concept map representing the overall ides of the microbiology course
ve designed.

a4y occur as |a result of

ECOLOGICAL IMBALANCE

m.ght hapven es 3 result of

Exhibit 2: C.H. represented in pilot unit, summarizing genersl
idess of the unit.
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e )

could be

ORGANIC SUBSTANCE
examples

IORGANISMS LIVE OR DEAD)

Exhibit 33

that might have triggered tac new disease described. The map
summarizes a single paragraph.

C.M. represented in pilot unit showing possible material

These kinds of maps (Exhibits ? and 3) were later eliminated from

the learning materials.

1nc1udes

BOTANY ICROBIOLOG

researchlon

BACTERIOLOGY

Exhibit 4: Student's C.M 1llth grade -~ summarizing the ideas of the
first unit designed in the summative stage. Very similar to our
master map while preparing the unit

ERIC

Aruitoxt provided by Eic:

mainly
MAINTAINING INNER

MAINTENANCE
ENVIRONMENT SYSTEMS

is kept by ///
(CELL M@ ENERGY P RODUCTIO.!
in
—

PRESERVATION YPROTEINS
LL CELLS MZTOCHONDRIA
PRO & EUCARYOTE

REPRODUCTIOH

happens when

DNA REPLICATES

in -

‘ -
. PROCARYOTES .-

Exhibit S: Students' C.HM. (IOth grade) (shortened for the purpose
of this paper), summarizing ideas about main functions of cells.

Circled (with broken line) are ideas added by the student the concept
list supplied.

————

DISEASE

can bekiggntified
N\

o

r KOCH'S POSTULA

mighc caused by

FOREIGN ORGANIS!
s

identifies

causes

ANTIBODY FORMATION

Exhibit 6: C.M. prepared by 10th grade students, reveals
difficulties with Koch's postulates, and lack of proposition between
immune reaction and disease prevention. (Broken line indicated

misconceptions; notice, no tonnection is drawn between antibody formation
and prevention of disease.)

S5
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T
@acTEr1) CEUNGD

can be cdefined as

AUTOTROPHS

HETROTROPHS
2 "'sroducers”

onsumers”
arong thenm are

[ e\ [ e
HIGHER @ ULPHUR
PLA ACTER

Exhibit 7: Teacher's outlines for an ecology class dealing with
producers and consusers, as & consequence of t'.e work with our
program

APPENDIX

Microbiology course "Chapters in Microbiology" units titles at the
different stags of development.

Pilot stage - one unit entitled: "Legionnaire's Disease - the story
of a new disease."

Formative stage - five units entitled:

a. Classification and identification of bacteria

b. Procaryotic cells compared with Eucaryotic ones

¢. Growth and development of bacteria

d. Bacteria and disease

e. "New Disease”

Each unit has a basic "core" and one or two "elective" parts

Summative stage'- eight units entitled:

Preface: What are concept maps? How to work with them?
A. The world of microorganisms

B. How are microorganisms classified?

C. Characteristics of bacteria

D. Bacteria Growth

£. Microorganisms and the humen body

F. Viruses

G. Prevention and treatment of diseases

He "New" disease

Glossary

Each unit includes a basic "core" and one or more "elective" parts.
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Misconceptions, Conflict and Discussion {7 the Teaching
of Graphical Interpretation

Alan Bell, Gard Brekke and Malcolam Swan
Shell Centre for Mathematical Education, University of Notunghan*

T Diagnostic Teaching
11 Graphical Interpretation - Aspects of Understanding
II1  Graphical Interpretation - Teaching Styles and Their Effects

I DIAGNOSTIC TEACHING

For the pas: five years ve have been working with & group of colleagues
(Malcolw Suan, Chriatine Shiu, Brian Greer, Kathy Pratt, and Barry Onslow)
£t ways of teaching wvhich take more fully into acccunt how pecple come to
understand some basic mathenmatical ideas. We have deen conducting
conversations, interviews and tests with students, iooking carefully at
their mistakes and using these to help us to uncerstand the ways of
thinking that lie behind thea. Then ve have been devising and trvirng out
teaching ideas and cethods ainmed at ove.'co:ins‘pu::cular =isconceptions,
and testing gsome time afterwvards to see nov successful ve have been., Ve
have cowe to call this process diagnostic teacrirc. and we think that :t

can forz a useful sodition to che set of teacl.

n. bethods vhich we normally

use: its key point consists of posing critical probleme which promote

conflicting interpretations, and lead to resolution through discussion.

Iaitially ve concentrated on a few known prcbler areas of the curriculusm -
directed numbera, decimal place-value, choice of operation with decimsl
nusbers, algebra - but subsequently colleagues have been applving the sare
principles and sethods to & variety of other curriculuz topics including
graphical interpretation, shape and place-~value with primsry children,
probability with sixth-formers. Other outcomes of the work hdve included
sowe nev insights into students' understanding in each of these fields;: but
also several kinds of classroor-task have emerged as particularly helpful ’
in generating the conflic: and discussion needed to promote learning.
Msking up questions, ‘marking homework' (using s real piecr of hopework or
a apecially constructed one), f1ill4ing {n tables, and gaces have all proved
useful, and weya of combining group and wvhole-class diacussion have bean
ezxrlored. A full summary report of the research is available from the
Shell Centre (Diagnostic Teaching, price £2.50).

114

ERIC

Aruitoxt provided by Eic:

I1  GRAPHICAL INTERPRETATION

The graphical wvork included in most traditional syllabuses is inapprosriate
ané inadequate, often consisting mainly of plotting the graphs of simple
algebraic functions and reading cff points of intersection. But by far the
grestest use of graphs outs:de the msthematics classroom is to display the
features of some situation or process in a vay effective for cosmunication.
Exapples are graphs of trenos in inflazicn or in house prices, of the rate
of decay of radiocactavity, of the distribution of expenditure in different
categories by & razing authority. Uhat nceds to be learnt is how to read
and interpret such grapha; this includes not only point-reading and
identifving taxims, but also gRlobal cotparisons and, in particular,
avareness of gradients and of the basic types of function, linear, squave-
lav, exponential, and so on. These aspects of understanding vere
researched by Janvier (1978), and continued developmeat by Mslcolm Swan has
led to the production of the She)l/JMB teaching and exasnination module, The
Language nf Functisns and Grapns. This section is based on some
experimental vork during the tria) stages of this material; all 8 third~
year usthemutics sets {n a comprehensive school vorked with the same unit
from this materisl, with their usual teachers, and took & diagnestic test
before and afterwvards. Copparisons vere made, based on test results ané on
the observation of the classes, (a) of the vay in vhich the zaterial wvax
used by a ..igh and low ability set and the;r teachers, and (b) of the

c atrasting sapproaches to the material of twvo different teachers of
parallel piddle-ability sets. This section will discuss aspects of the
vtudents’ graphic3sl understanding shown in the Jisgnortic test; for the two

copparative studies, see 3rekke (1987).

Generz) Difficulties Observed

(1) One group of difficulties is the distraction tha: a griot is s

picture of a situation. Overcoming this ¢ifficulty is parzly

dependent on the ability to experience relationships betueen tvo
variables represented by a cartesian graph.

' and other kincs

{33) Pupils a8re usually weii a:quainted with 'bar chars
of frequency graph. These graphs often only consider one continuous
variable {f{requencv), the other axis being used %o show even
cowpletely independent items. It is then s big step further to

realise that graphs can also show the relationship betveen two

variables.
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(144) A third group of difficuleias involvar cacosing batveen tvpes of
varistion - linear/curvad etc. Evan vhen a student racogniaas that a
function is incrassing it is often difficult for her to see vhat kind
of variation ia taking place and to relate this to the graph. Should
the graph be straight or curved, and, {f tha latter, ahould the curve
be concave or convex’ This is seen here in connection with variables

in specific gituations eg, speed-time, distance~time, sales.

(iv) A category closa to (141} consists of the difficulties {n
intercret:ine gradienta and jintervals.

(v) Some . Ificulties the pupila have are not only directly linked
to di¥ uities in waking the translation betwvean graphs and
situations or verbal descriptions, but ars wore generally dejendent
ot pupils® ability to give relational responses. Some pupils
conceatrate on one factor of the relevant data, and exciude the
coordinat.on with other factors. We vill refer o thia probler as
fixation. Fixation is not a separate category from those described
sbove; for example, some pupila have probleas keeping all reievant
factora in vorking memory vhen they have to sketch a complex graph
frow & given situation and tend to concentrate on one of 8 fewv.
Thare is also tha fixation ot only one variable vhen s relationship
batveen two should have been considered.

-

Examoles from the Test
1) THE GRAPH/PICTURE DISTRACTION

This kind cf miaconception ia extremely common. It sccounts for a large
proportion of errors on its own, more than half of the pupils are affected
by it, and it is also involved witlh errors that can be traced back to
fixatior.

The following question {s gesigned to «Xxpose :.1& cisconception

[rp——— |

’
H ~— — 1
N ' an»::-un-\
Dwisme t + PRI O ¢ foveren b
iy 3 P wen Lesenee ons
pieny . Apereset
[T Y

SR |

The picture misconcaption is illustrazed by the folloving answers.

10g

Samantha:

1
Luoctive et natpened Ibeﬁ__om_'&-k—d——\&c—
'

2 = o i
%MMM&

'~

Some pupils wmisinterpret the graph as a oap of a road.

Mandy: ’
T lesttive et basresnd [ aVotelll Xl allal -do BE PN
- ~
Moo Sieeonlie NS S-S ammn

e e iy 2T n M N W
St~ (0] cSinn S tiaan =\n,,

clarnyn ARSI e e
AT - o i 2
~/ ~ o e

In Going to School (see page 37 below) the picture misconception aiso piavs
8 part. 113 gave an answer like Mandy to par:z (¢)

Haudv: Feter's Jostnev ¢ Senocl

7.

Ca~'s |
speec o
(=an) !
.
I
t

s . $ [
Tor Peter's none (males)

<
-
3
o
3
B
13
L
"

Handy is giving s picture of the road fror Jane's to Peter's houses, with
the higrest point corresponding to gax!_uz speed 30 eph. There is no
connect'on between the diatance given in tic map and the diatance on the
graph.

i) DIFFICULTIES INvOLVING THE RELATIONSHIP BETVEEN TWO VARIABLES

Anavers to otier queations indicate that the experience theae pupils have
had with graphs is dominated by block graphs and other pictorial
rapresentat.ons of numerical information; 56X gave anavers that fndicate
this. They are capabie of plotting points on 8 cyrtesian grid and resding
of f points frop a granh vhare the acale is given. Sugar Prices shows that
the problem of lcoking at one variable at a time it not very difficults
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SUGAR PRICES c. Which point (or points) represents
the heaviest packet(s)?
Py d. Which point (or point.) represents
Fo. packet(s) that cost lesst”
. E
Cost e. Wnich points represent the same
(pedee) D ve.ght of sugar?
A . M g- Which of F or C wouid give the
,
.. - best value for money?
o How can vou tell?
he Whick of P or C would give tne
PP best value?
[ 2% 2-19
(Zd)

i. Which tvo packets would give the
sade value for muney?
Hov can vou tell?

Leonsrd:

———'

DC. Cis Jes rvones -
( 2. .::;.u;o, &-i—."w’inf'::,.

(a4 AL - - y
() fy=e 'é::g bean e szme weg'h.‘ &z PFree

Davic: .
= W St TSRl
(‘) - -
i S _lamss
- . .
C < ol o leamont. L)
M) ot camt £ aar=
- -
~ oy - A = .

i) .w
Sode pupils look at differences when they answer (i), - 3 confusion between

rate of change and swount of change:

Tony:

Do & Lrerorbe Vheay meve vihe
) OL YaiZwk ad meu 00
o - - -
NP Moﬂoy .
The most common wrorg answer to (i) 45 A and C.

Paula:

BL. _Brewm ior ol o e e

Sovre  LeaB cp o Demnis
~ ]

He also find similar probless in Coing to School. Tnese cuestions are
harder because the pupil has to consider the two variables where the length
is given on 2 msp, and the time taken to travel is given by how they
travei.eé. In esch of the guestions they have to sdopt & kind of
proportional ressoning. In (b) and (c) the graph froc (8) has to be used
to £ind the relationship.

iny

COINE TOSCHOO.

¢ ] * 3

A S .
ot on) /' L :
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A
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Jane Cransm Susan Pauiand Peeeralitraves 1o sCn00! 2100 the SIMe country
103C Every MOTAIng Peie- §O€1 10 A0 680 3 C3° Jane Cveies anC Sutan waiks
“he Oihe (w0 €L N varv AOW (ALY travei (fOm Cav (0 GAv The MID 3DOve
$ROWS wALTE EBCA DEION livey

1
!
|

The {oliowing grI0n GEITTIDE £4L3 DuP § 0UMMEY [0 3eNOO! LAST MONSIY f
i
i
|
|
1
i
i

¢ T = I
I TH et 18 0w 10 4N | et !

1
ﬂ ) Lape' eacr poini On the greah wit IME AT £ Of tNE PEICY I FESTEIEAT tx

#t b)  how gic Pavi 806 Granar “rave! 0 361001 0s, MOAGH” mmemrmmaaee

C) Destnioe How vou 21782 27 VORI AW " 2 23R i1) ——eeeeee :

rs

26% can label a)l points correctly (part a)

19% are looking at just the length of the journev. not taking into scccunt
the way they are travelling.

12% ere looking at the speed with vhich they are travelling. putting Peter
nearest to the vertical axes, Jane in the middle 2nd Susan spending the
longest zice treveiling., becausc she £s valking.

9% lesve out this ocuestion andé 30L give other vrong ansvrs,

3 . . , TN
(b) ik imSger o Jgmres s nyjpes e o

(e) w = A e ' Ll '-sn

Both Kim and Cathy use just time taken to decide how they travelled to

school. Marianne looks at the distance.
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(444) SHAPE OF THE GRAPH ~ SIGNIFICANCE OF STRAIGHT LINE VERSUS VARIOUS
CURVES

In Going to School and Coach Party the pupils are asxed to sketch graphs
fror given situstion, and in the latter question they are also asked to

explain the shape of the graph.

Hany pupils sketch the graph as consisting of straight line segwents.

Those who interpret graphs in a point-vise fashion are especially

vulnersble to these kinds of errors: plotting 8 fev points and joining thee

up by line segmenzs. 28X show such graphs in Going to School.

Jason:

.
3:‘ - - g

{aas'te ]

32tk

=35

Diztante from Teser's neme (miies)

Some pupils only focus on the drop in specd at a bend an¢ ignofe the g'~bal

increase in the car‘c speed:

Paul:

-
30
Ca=cs
Seeed 5o
(o)
10

1 2 3 ] s ]
Piotaase LrPe FRteT") Aese (i )es)

Similar errors are made in Coach Party.

Aruitoxt provided by Eic:

Coach Party

A coach hire firm offers to loap 8 luxury cosch for £32C per dey. The
organiser of the trip decides to charge every mesber of the party an equal
asount for the ride.

a) Sketch » graph to show how the price of each ticket will vary with the
size of the party.

b) Write down a full explanation for the shape of yonr graph.

In (a) 362 sketch graphs that are decrcasing, either as various curves
(8%), straight line segments (12%.), & few points plotted (11%) or
histograms (53); 28X leave out this question. Queszion (b) is omitted by
352, the highest amount in the test. 372 give answers that clearly shov
that they realise that the graph has to be decressing, but most of thep are
satisfied vith explanstions that point out that "he wore people that go,
the less each has to play". Only 25 gave correc: explanations of how the

greoh is decreasing.

Helen:

riee of
oo giemat

Punest gf esvele 18 Lw pafty

(iv) INTERPRETATIONS OF GRADIENTS AND INTERVALS

Pupils find the ideas of gradients and inzervals éifficult, see Kerslske In
Hart (1981), but fror what we have fouid in this test, not harder than

other §lobal features of the interprevation graphs.

As far as the graph can be interpreted as a “speed-tive" graph s fair
nusber of pupils sre familiar with the ides of hov to show 8 changing
gradient. but the answers to Cosch Parcy shov that it is much wore
difficult to use the idea of gradient in this case. This wvay be because
the situscion is Fiven, or it may be that the ETaph no longer refers to anr
ongoing process. Here, esch point represents one of & set of

possibilities, vhich is a distinctly sore abstract ides.
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(v) FIXATION - ATTENTION DRAWN TOWARDS ONE FACTOR O: RELEVANT INFOPMATION,
EXCLUSION OF OTHER

Some of the errors sentioned in (£4{) can be explained by the compiexitv of
the problem. In Going to School several factors have to be considered shen
one graph is sketched. To get a correct graph shoving all the infcroation
given, most of the pupila will probably need to do refinements of zhe
graph. A refinesent will often occur when a graph is f£irs: sxe:iched, and
this sketch s compared with the original situation, by fnterprezing one's

sketch graph back into the situation context.

111 TEACHING STYLES AND THEIR EFFECTS

Our last section described zhe reaults of a tess of graphical
underatanding. The teeching saterial in the Shell lentre 'red box', The
Language of Functions and Graphs, vas developed 12 response to the aspects
of understanding and of conceptual difficuty shown in that test 3aterial.
1In this section ve shall deacribe an experisent in wnich some of the
waterfial was ueed with all eight third year ciseses i3 Hayvood
Cosprehenaive Schooi., Nottingham. with observations being nade of different

approaches in different classes, and their effects.

ASFECTS OF GRAPHICAL UNDERSTANDING
The aspects of difficulty illuatrated in the above section fell under five
headinga, These vere: (1) The misconception that a grapn is 2 picture of
the situation; (11) The avsreness thut 3 graph displays 3 relatfonehic

betwveen two vsriables, and i{s thus more sophiaticated than the bar char:

which usually diaplays the ouantity of each of 2 nusber of separate factors
or items; (111) Recognising the relation between points on Ine zTaph,
straight line segments and curves and the correaponc:ag kiads of
felavionship is another » pect of graph-reeding skill. The responsea to
Going to School in the laat article showed 2 number of cases where the
speed/time graph of the journe¥ was sxetched as 2 2ig-zag of line~segoern:s
rather than a smooth curve. (iv) The readiog of dilferences or intervals
fros the graph alao presenta difficulties. The grapn for Motorvay Journev.
shouing the amount of petrol in a car's tank durirg a long ‘ournev
involving two f£§11-ups. showes difficulties in cistinguishing :he agouns

added or used from the final afount {n the ank, an¢ ihe develovzent of

reading this differcnce direczlv from “he gr:id¢ rsther than refersing joints
back to the axes and subtracting. Also fnvolved is (v) the asil:ty to
coordinate the information relaling to two variabies and the zwo axes.

Faulty conclusions often szeo frow atiention to one var:iabie cnlv,

ERIC
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DESICN OF THE TEACHING MATLRIAL

The five lesson booklets of Ugit A cover theee points, but not in e one-to-
one fashion. Booklet Al, Interpreting Points, contains five gituations
involving coordinatinsg data. Bus Stop Queue ({llustration)shows seven
people of vurying ages and heighta, and a grapb in vhich each {g
represented by a point.

!l Al INTERPRETING POINTS

§* SRS 408 oY 16 B4 30 Bt e rermen
4 1 Tw 549 beap Queme
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Th. ask is to {dentify each peraon vwith the appropriate point.
Intentionally, the gcale of height s horizontal., and thst of age vertical,
20 that the natural tendency to aasume that a high point corresponds to a
tali person has to be resisted in favour of 8 more careful consideration of
vhich dipension on the graph relates to which var:able. So here one aspect
of the ‘picture’ misconception copes into play, but Zhe main problea is one
of coordineting the items of fnforzation.

Booklet A2 is entitled Are Graphs Just Pictures’ It starss with the
problen fllustrated here, where the graph of the speed of the ball aas to
be sketched, an¢ this shepe :s strongly counter-intuilive since §2 is %ite

reverse of the shape of the path of the dall shown in the picture.
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Rollsr Co:uer is 2 similar exsmple 4D which the shave.of :=re track and
that of ths speed-distance graph conflict. Iim Which Sport? a speed/zizme
graph looking somevhat like 3 fishing rod and line {5 presented, and the
zask 13 to decide which of a number of listed sports (£ishing, sky divan-.
pole vaulting, drag racing etc.) it represents. Ihis unit is the one for

which the obgervations of swo wmodss of teaching are presented beiow.

Booklet Al is Sketchang Graphs frop Words. The situations here contain a
variety of ctvpes of funczion. In sode cases the tasx s to sgetch the
graph, in others, se:s of situations and of graphs are given, which have 20
be mitched correctly one to one. Examples are Strawberry Picking (tise to
finish/numbez of peorle emploved). Balioon (diameter/tive as 2ir is siow:~

released), Race (::a'e/leng:h of race).

Q 1 ¢ :
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Some of these examples (eg the first snd third hece) present a higher level
of bstraction fn that the graph is in no sense 3 picture of 2 train of

eveits 1o tize, but 8 set of osossibilities.
all the possible situations.
graph also appears, where the graph approsches the axes asymptotically, tut
does not peet them; this is another poinot which neeas 8 serious discussion.
Booklet A4, Sxetching Graphs from Pictures, is essentfally a more advanced
version of A2.

zime graph has to be matched with the corfect one of 8 set of possible

tracks.
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Sooklaet AS concerns gradients s:d i{s davoted to tne one situation, Filliag
Bottles. The chief task {8 to metch 8 set of bottles with 2 set of zrsons,
repesenting tha height of water against voiume or »gazast tinme. £f we

i{magine water pouring in at 3 constant rate. Part ol this tasy g

i1llustrated.
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iIn reistion to the five sspects of difficulty mentioned above. Booxlets Al
and A3 focus on the Picture miaconception. Ad and A4 involve the
distinction betwveen atraight lines and curved grapns; Al focuaes
specifically on coordinating informetion on two variables. But 3l! involve
some degrae of reaistance to the Picture tendency and some coordinat:icn of
several ‘tams of information. The reading of differences and :ntecvals
does not receive specific attantion i{n thess units.

METHODS OF TEACHING WITH THE MATERIAL

The uwaterisls in the.langusze of Functions and Graphs are wriiten with the
objective of provoking reformsulation of children's idess of graphs. The
saterial focusss on the kaown errors or misconceptions dv beginning with &
rich exploratory situstfon which contains 3 conceptual oostacle. The
questiona sre deliberataly posed in such 8 vay as to sllov the errors 20
come to ths aurfaca. This is don¢ by sxploring the task in palirs or in
smsl) groups, consulting and discussing with each other. snd vorking
touards group consensus. Then there ia & presentation of the finding to
ozier groupa. There could also be s class discusaion of the findings,
which givas yet anothar cpportunity for resaining errors or aisconceptions
to come o the surfsce and be resolved with the participation of the

tascher.

s
(op)

The teaching sethod suggested in tha Language of Funciic  and Grapns ‘s
bssed ob research evidance wnich supports the view that teaching styles
wvhich involve deliberate exposure and discussion of common errors with
children are sore effective than styles which svoid exzosing the errors
(see Bell et al 71983) Diagnostic Teaching, Swan (1963) Teaching Decizal
Place Value - 8 comparstive study of Conflict an¢ Positive Only, and Onsiow
(1985) Overconing conceptual obestacles concerning rates ~ des:ign and

implezentation of & diagnostic teaching unit).

The five worksheets of section A have been succlessfully used to {nitiate
discussions of conceots and errors with a variety ol classes. Zach
wvorksheet starts vith ¢ relazively difficult prodlez 2o force common
misconceptions to the surfsce. For different classes, existing conceots
and mE:nncep:tun: will be different, and therefore the aiss for the
discussions will diffar too. For the lower ability range some of the
teschers sxprassed 8 need for sose {ntermediste stages. ss the problems
vere too complax; they feit that the group would cope m.re easily with a
more gradusl move from the concrete sftuatfion to the more sbstract
representation of the situstion by a grzph.

EXPERIMENTAL DESIGN

The materisls vere used {0 81l eight third yesr zathematics setr at Haywood
School. Nottingham. These vere tuvo sets st each of four ability levels.
The teacheras involved were the normal teachers of theae classes. All
lessons st the top two levela. &nd some of the lessons in the other sets

vers observed and sudiotapsd. Tvo leasons wvere videotaped.

The teschers were given the worksheets and tne teaching notes froz The
Langiage of Flactions and Graphs with no further direction on the teaching
sethod, except for one tescher in Haywood School who was aixed to teach
vith reflective discussions afrer each exercise. This teacher vas aiso
ssked to pay attentior to the identification of =isconceptions, and to

di .ussions conceraing the strategies used and outcooes obtaiaed L2 e.en

lesson.

Ivo sets of cozparstive observations were made. One was of tie use of the
zaterial in two clasaes of widely differing ¢b:£.zy (We hopa to descride
this later). The other, which i{s the subiect of this ar:zicle vas of tne
variety of ways in which teachers acapted the taterisl %o sui: thelir own
taachiog styles and of the effect of these differences on pupil's lesrning.
Ths kinds of style difference vill be iilustrated by describing typical
leasona by different teschers with classes at tne sace abili:v level., and

using the same saterial.




COMPARISON OF USE BY TLACHERS WITH DIFFCRENT STYLZS

Many of the teschers observed hsve cosmented on the difference between
their ususl style of tescning and thst suggested In the tesching notes.
For many teschers it is difficul: to orgsnise discussion so that
misconceptions are brought to the suriace. In fsct, some of the teachers
orgsnised their pupils by groups, but then spent their time tousing the
class "helping” the groups in the ususl vey, without snv psrticuise
emphasis on exposing snd discussing the misconceptions. This showed that
the vorksheets and the tesching notes were not enough to estsblish The nev
style., We have subsequently sttespted to seet this Drobles by developing
support materisl that thoroughly explains esch step and i:s sim ard gives
exasples from practice. inciuding some videotaped exscples of various
teschets in sction. We slso explain something of the :heoreticsi
background for the method. snd give some exsmples of compsrative studies
between this wethod and more directive tesching.

From previous observations Ve felt that there should also be a

retrosvective discussion included in the lessons. The s:m is 20 look bHack

on the work. being conscious of the errors one made snd how one worked anc
vhy., For this resson ve asxed one of the teschers in e ias: tesching
experisent to include these sctivities in his tesching 2o see i t™is lec
to isptovements different from those of other groups. Anotner tescier o
the gchool diverged fros the geners] patters in 8 different way., he
believed more {0 rule tesching. He tried to help the supils in 8 posis:ve
vay to understand the results in the worksheets by direczive tesching,
explaining the errors zhey had made sad the right conclusions. To
i.iustrate the difference in style ve vill give an exsSple izop the

teschiog of two second level groups wvorking on worksnee: A, Are Graphs

Just Picturas? Class IIA had spent one and 1IB twvo lessons on workshee: Al

before doing this. (Sheets illustrated soove).
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Tescher introduces the vorksheet and orgsnises the classroow (5 minutes)

Group discussions vith groups of different sizes (53 minutes). Every group
worked st its own psce with the problems. Wnen s group csme up with an
sgreed snawer this vas not presented to snyore else, there wes no furiher
discussion on the problem. Most of the groups cave up wizh a graph of the
speed of the golf ball as:

s..u“/_-\—’

T~

The tescher toured the cisssroom :ail.ing to the diiferent groups, asking
pupils to explsin zneir graphs. snd when sobething wvas wronz %e exdiainec
vhy it vas wvrong snd then gave the right explsnstion. To group G! whickh
gsve graph as sbove: “This can not be right becsuve the ball then would
have hsd its grestest speed st the top”. "The graph must Se lixe this (.ee
disgran beiov) becsuse it sterts off virh zero speed. ther i: picks up
speed becsuse it {8 hit by the club. as it traveis up 1n tne gis {t will
slow down, snd 88 it {s dropping it will oick up speed because o the
gravity". All the while. tne tescher wes trscing tne graph with his
finger.

After spproxizstely 20 pinutes most of zhe groups had f:=ished tae ‘gols
bail problec'. The same structure 8s above continued throughout zhe

lesson.
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Whick Spart®
Wineh $p0rt wekl product & groph bie the®
Speed
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Choote the best snywer from the follomng 2nd erplam exacily
how it fits the groph
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Golf

Arthery

Javeln Throwmg
High Jlummng
High Diving
$Sacoser

Drsg Racing
Waise Skung

Class ..aching Which sport? (5 wmisutea)
Teacher druv attsntion to the change of apsed in the graph, and ssked for

snsvers. “The snswers given vare:

1. Watsr Shkiing

2. High Diving

3. Javelin Throwing
&. Sky Diving

The teacher explainsd why ¢t can :9t be either i, 2, or 3 and why & (g

possible.
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Introduction (4 minutes)

The tesche :xplsined vhat is hsppening on the pictufe, stressing that the
spead of the dsll varies. He also reminds them of the vsy of working:

1. Discuss with your neighbour.

2. Try to come to an sgreement.

3. Prasent your snswer to the other groups at your table.
4. 1£ snsvers ste not the sspe try to convince esch other.
Se Give final snswer from your group to the class,

Work in pairs snd groups (20 minutaes)

As in Class IIA, more than one hslf of the pairs have grapns of the saze
shape a8 the path of ths ball, like - :2 ons snown below.
’
fpret

.
-

Tt

After 20 ainutes sll the groups wers resdy to g0 o0 to psge 2 of ths

asterisl and to consider the Roller Cosstsr.
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The teschet vas touring the clasaroom, asking questions to provoke
discussion.

Claes zeaching (10 minctes)

The tescher again drev attention to the method fn which groups should work.
He drev the following disgras on the blackboard:

Words sketeh » Graphs 5 Description fros the sketched graphs

| o
D2
| S
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"See {f the two descriptions match ~ {f not ve hsve to cherge something.
You should oe¢ eble to look et Your greph and descridbe the situation sgazn.”
A short discussion on the point that the greph shows the re.ationsaly
betweez the variables indicated vu the tvo axes then followed (this had
been stressed in the two lessons on Al). The foliowving :low chart vas

dravn on the bleckboerd:

Think about

the problen

[Abtucu-- the :robieul

Look

v
again, l Vrite about :t!
chenge

I Interpret vour zraph }

| _(_“@
f

Group discussion (18 minutes)

Groups vere using the stretegy of intervreting their oun graphs and
comparing them with the original situation.

Class discussion (12 winutes)

Three graphs were presented on the blackboare.
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These graphs vere interpreted end (3) was ruled out by the pupils when Zhey
sav that the {nterpretetion did not match the given s{tuetion. There +as
some debate concerning (1) and 2) because supils felt shat the ball =usc
stert from rest, but they were unclear as :o how rapicly it scce.erated.

A short discussion on this misconception took Diace at zhe end of the

122

lesson.

Teecher: "Why do you think people drev tne graph like Peter® (3)*
Pupils: "Because they rhin that a graphk is a piczure.”

Thus there vere three main differences {n approach betuveen the tuo classes.
In both classes the problen vas initially presenzed to the pupils without
teaching. But {n IIA the errors nade by z-ue pupils vere ouxcklv correczed
vhereas {n I1B the pupils, in paics and groups, cace %0 their own
conclusions {n discussion, and later presented z7ez o the vhole class ¢or
further discussion. The teacher did not staZe the correct ansver: and cuch
more serious consideral:on vas given o the errors and the 'graph is
picture’ misconception which underlay cost of thez. Secondlv, the
tescher's oain contribution vas to erpaasise 3 strategy fo_r vorking, on
particular, that expressed in the f'ov charz. Finally, the lesson closed
vith a ceflective ¢iscussion on vhat had been Zearaed -~ zhe pup:ls®
attention vas drevn explicitly to the tendency to regerd grapht as pictures
end to the need to reaist thia ano to think specifically about the relation

betveen the veriable represented on the graph.
PUPILS® ATTALNMENTS - DESIGN OF THE TEST

Five of the eight cuestions on the test have been jllustrated end discussed
in the previous section. The eight questions, between :hem, covered the
five sspects of graphical understanding described ebove, and they asked for
responses in four modes. These were (a) Interorering & given graph, by

responding to specific auestions (eg Sugsr Prices), (b) Interpreting by
describing the situation represented (eg Country Valk), (c) Sketching the
graph from {nforsation about the situations (eg Coach Teip) or
disgranmatically (Going to Schooll}. and (¢) Exolairniag the reasons ‘or
one's ansvers. There vas also a question vhich esked, Whet {s a graph®,
end one vhich referred not to real situetions but to 'pure' graphs - {t
aaked about the coordinates of further points on a given line, eg hov many
points betveen (2,5) and (3,7), mark 4.6, 10.2 end sc on. 7 {s iasZ vas
from the CSMS graphs test and vas {ncliuded to provide a comparison betVeen

our clesses and their national ssmpie.

Some of the results on the different questions are given below, with e
compaz{ison amotg the vhole set 0 eight classes and each of the zuo classes
vhere the particuler different teaching emphases vere being given. They
show, {n feneral, quite large geins, and also cuize large Zdifferences
favouring the class vhere there vas sSpecial emphas:s on critical discuss:on

and on reflection on vhat had been leerned in each lesson.
TEST RESULTS

Q) Vrite a short description explaining vhs: & graoh is

This ves ¢ very diff{cult question to ansver adeoustelv. It shoved li:itle
difference in response pre~post, or betwveen classes iIA. 1I3 and the whole
sample.

()
o3
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Q2 Poin:s ard cocr2instss on & pus' straight line gosoh.

Small improvements. The most difficult quastions wers on dscimsl

coordinatss and number of points detwsen given points or on vhole line.

Q3 _l_nuo_f_m Six points shown, axss cost/weight. Questions abous
lsast, grsatsst, same costs, weights, bsst valus. The mean geins for
classss IIA, IIB and the wvhols sample are shown for each psrt of the
qusstion. Ve shall not give such detailsd results for ali questions; chsse
qusstion 3 rssults ars typical.

Con
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PRE~-POST

GASNS X a b c [} e H £
ALl +19 -4 +24 ~18 22 -2 -9
1A +18 - -9 -8 -9 16 0
113 +37 +16 el -37 s 17 +~16

Results for this qusstion shov ths typical pattsrn of generslly quite iarge
gains. and large differsnces betwssn I1A and IIB with IIA gsnsrally ¢loser
to ths rssults for the whole sampls.

* Qusscions 4, 5, 7 and 8 are shown in the srevious section

*Q4 Country Walk (Description of walk, from distancs/time graph).

Results show a similar pattsrn co those of Q3. Corrsct rssponsss 255 -

402, 'picture’ interprstation 265 - 203, spesd/time interpretetions 2i5 -

195,

Q 1 ;
B ‘ 2 A
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e

*Q5 Going to School (Intsrprsting poiats, sketching graph of journey).
Gen.rally largs gains but no consistsnt diffsrence betwesn IIA and II3.
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Q6 Hoist:ing the Flag 6 possible 2raphs ol he:ght/:ize for hoisting flag ug
pole, hand over hand; interpretazive response and cestripzive type
questions. Fair gains, soall and inconsistent difierences between 11A and
11is. .

*Q7 Coach Trip Sketch grsph of cost per person ag..nst numbsr in party
(invsrss proportion): sxplain vour graph.

GAINS Sketch Explsnation
All -4 +4
1A -4 +4
113 +38 +S

A rather good lesson on this is class IIB! But still the quality of the
explanations wers oot much improved. Most rssponses did not go beyond
‘sors psopls, less cost', which would have gainsd part ma ks.
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*Q8 Motorway, Petrol Graph of pecroi ip tank; journey with 2 refills.
Differences, interpretative, response type questions. Where ®most petrol

bought, when run out £if ot refilled... 9 parz questions. pattern of
respopses very similar to Q3, Mean gains All +8.53, I1A +6%, IIB « 182,
Full details of the questions and results are given in Gard Brekke's
repore.

CONCLUSIONS FROM TEST RESULIS

Going beyond the general observation of substantial gains, and greater
iwprovements in class IIB than in IIA, iz i3 alco clear that providing
explanations vas difficult for the pupils anl shat on this sspect :here was
little difference between the two observed ciaaaes. The razher open What
is & Graph” question also shows li:lle izprovecenz. This vouil sugges: &
concluaion that those aspects irproveu vere those vhere the actua. :asx
required by the test question wvas closely sinilar to tnat reouired in the
teaching situsticue. General descriptions and vritzen explanations of
reasons for ansvers vere not much densnded in the teachi-g, and vere not
improved. Similarly, che questions on the ‘pure’ grapa involwing
izterpretation and identifying pointa with decizal ciordinales Vere 1ot
treated in the téaching, and sere not mch izproved. On the olhes hand,
':ha reading and interpretation of differencea and intervals, cequired :n
tha Motorway Joutrney (petrol) question, vas not specifically Taught, vet
d1d shov large increases in most parts. It would seem that the skills of
careful interpretation and sttention to the values end changes of the zwo
variables vere capable of transfer to difference resding; bdbut that for
greater succeas Ltth explemstions, some More specific teaching is needed.

For examvle, it might help if one tried to develop the avereness zhat one

n oA
2(.{)

mist €Iy to accountfor ell aspects of the response wnich is o be
explained. Perhaps, better, one might give specific practice in vriting
explanations aad then discussing thes critically, possidbly b passing tneo
round the group and choosing or constructing « best one, and also by lass

discussion of some written onto overhead transparencies.

ATTITUDE QUESTIONNAIRE

At the end of the teaching seouence, 8ll pupils wvere asked to complete 2
3-question feedback sheet, as follows:
1. Vow interesting vere the lessons?
very interesting/quite interesting/not very interesting/tor.ng.

2. How hard did you vork?
very hard/quite hard/ouite lazy/very lazv.

3. How much did you leamn?
s great deal/quite 8 lot/not very zuch/vers little.

When these responses are ssored +2, +!, -1, -2 and the mean score
calculated for each of the 8 classes ve find that on each of the three
measures class IIA 18 the iu’est and II3 the highest. For exacole, for QY

on interest, the means were . are the highest and IV the lowest sets):

IA I3 1A I8 112a 1113 VA v
+0.1  +0.9 -0.5 +.3 +0.2 +0.5 +0.5 +0.6

Thus the general level ot response is somevhat towards. btut below, the
‘ouite interesting’' levei, but TIB gets above this, tovards the 'very
interesting’ level. IIA is getting down tovards “not very interesting’ sut
remains & little higher. The patterns for the other two questions vere

very similar, eg for Q3. I1A was -0.6 and IIB +l.2.

Thus 1t is clear that the reflective discussion sspecz uf the IIB class
teaching vas generally welcomed and felt to be a good learaing situetion,
vhereas the oppositely polarised, more directive teachiag I1IA vas rather
less well liked, and thoughr to be a socewhat i:s$ effective learning
situation than the average., Of course, ve are not cocparing disembodied
methods but rather these dethods with those teachers, for unoz these
sethods vere their usual ones, though «ccentuated for the purpose of the
expericant. The teacher of class IIB also reports tlat the boost to the
pupils' recognizion of the value o! critical peer group discussion and of
their skill in using it, vhich occurred during this peciod of special
eophasis on it, has recained wizh them and s still visible in their

spproach tvo years later.
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Open-endedness in the Empirical-analytic Mode;

One Conception of Scientific Progress

Garth D. Benson

The University of Calgary
Curriculum and Instruction
2500 University Dr. N.W.
Calgary, Alberta T2N IN4

Canada

Finley (1983) has argued that the philosophy of Gagne's
science processes is based in empiricism and induction and
suggests that the commitment to the two philosophical
positions has influenced both the scientific knowledge and
the manner in which such knowledge is taught. He concludes
that because of the inherent problems in empiricism and
induction, process based science curricula perpetuate
erroneous or simplistic views of science. In Finley's
estimation it {s necessary that individuals, in science
education, restructure their views of the nature of science
if we want to avoid misrepresenting, to students, the
process aspect of science.

I contend that Finley's argument is accurate as far as
he has carried it but through the examination of
epistemology it becomes evident a more basic difficulty
exists. That difficulty is the world-view of empirical-
analytic science. Habermas (1971) critiqued the conceptions
of science found in the writings of philosophers and
practioners of science and he concluded that there is no
single model of science. Instead, he concluded that there
are three forms of scientific inquiry: ‘“empirical-analytic
science, historical-hermeneutic science, and critical-social
science.” Each form of science is governed by individuals'
particular interests. These interests are basic to humans
and characteristics associated with such interests are
connected to specific dimenslons of the social world. On
this basis scientific knowledge is not a pure, value-free

product of an objective methodology; instead it is the
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product of an orientation that determines the type of
activities to be pursued as well as the form of knowledge
that is warranted. The empirical-analytic orientation is
the dominant world-view in our society and it is one in
which individuals view the world in a technological way.
Major values of this orientation are control, certainty,
predictability and efficiency. In conjunction with the
values there are immutable laws which permit people to
identify cause and effect relationships. Individuals who
adopt this orientation view themselves as applying a method
through which they control events. In effect, .hey separate
individuals from the world and view the world as an object.
With the objectification of the world, knowl.dge is reified
and it comes to have meaning other than in the minds of the
individuals who constructed it. Associated with this view
is a tradition of understanding scientific progress as an
accumulation and synthesis of objectified inowledce.
Open-endedness and scientific progress

Biology textbooks, such as Andrews (198C;, directly
link the nature of science attribute of open-endedness to
scientific progress. Such representations of scientific
progress -eflect the received expansionist view (Rescher,
1984) of progress in which science is seen as inevitably
being a continuous, unfinished process. Part of the process
is the asking of questions and there is an assumption that
the number of possible questions continuaily expands because
the experimental process raises more questions than it

resolves. In addition, recent, superior science is seen as
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answering all past questions as well as answering present
questions. This means scientific progress is assuciated
with knowledge accumulation. Open-endedness is understood
in terms of further support for an explanation for a
question arising from a current question or answer.

In this paper I maintain that this interpretation of
scientific progress is a result of viewing biology from an
empirical-analytic orientation and this philosophical stance
contributes to students' conceptions of scientific progress.
The argument is developed around evidence of teachers' and
students' responses to questions posed during
semi-structured interviews. The questions focussed on the
person's philosophy of science as it relates to biological
knowledge and scientific progress. The outcome of the
argument is the identification of conceptions of scientific
progress and factors that are influential in the formation
of students" conceptions.

Data source

A series of informal discussions were conducted in two
separate situations. In the first situation three high
school biology teachers' lessons on nutrition were recorded.
The researcher assumed that the unsettled nature of the
topic are. gave the teachers opportunities to present
biology as a creative endeavour that deals with tentative
knowledge. An informal discussion was held with each
teacher at the completion of the individual's lessons. Each

discussion lasted approximately one hour and the questions
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centered around the person's philosophy of science and how
it was reflected in the lessons.

The second situation that provided a data source was an
introductory biclogy class in a large adult education
institution. The adult students were enrolled in a program
to up-grade their academic qualifications in order that they
may attend post-secondary institutions. Of the 24 students
in the class 9 volunteered to discuss their conceptions of
scientific progress with the researcher. The group
consisted of 2 males and 7 females, 20 to 37 years of age
(mean = 27), who had last attended a science class 2 to 22
years ago {mean = 9,7). The interviews, which varied from
25-65 minutes (mean = 50), were based ..n questions that
reflect the unfinished, expansiecnary image of scientific
progress portrayed in textbooks. For example, questions
suck s the following were used to elicit students'
conceptions of biological prcyress: Has biology
progressed?, In terms of biology, what is scientific
progress?, Are there more questions in science today than in
past?, Have you heard of science being described as
open-ended; if yes, what does that mean to you? What factors
in your schooling influenced your view of scientific
progress?

A1l interviews were conducted, by the researcher, on an
individual basis. The questions were not worded in an
identical manner for the three teachers nor for the nine

students because the participants’ situations and

experiences determined what was relevant. Despite slight
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changes in wording of the questions the intent remained

constant. Therefore, [ contend that the data provide access
to teachers' and students' conceptions of scientific
progress.
Data analysis
Verba im transcriptions of the teachers' and students'
interviews were prepared. The teachers' data were analyzed
according to the subject perspective. That is, the
following guiding questions were asked of the information
contzined in the transcripts:
(1) What, according to the teacher's
definition, constitutes biology as an
area of study?,
(2) What is :'e rationale for the “~acher's
knowledge?, and
(3) How is the te. ner's view of a
discipline reflected in the lesson

material?

The students' data were analyzed for the backing, or
Jjustifications, used as foundations for their conceptions of
scientific progress.

The analyses were validated on an individual basis by
having the teachers and students comment on points they
agreed with, disagreed with or did not understand. On the
basis of the comments the analyses were rewritten.

From the ini.ial data, portions of the int r “ews of

one teacher and two students' have been selected as
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examples of conceptions of scientific progress. In
addition, the examples provide insight into factors that
influence the students' conceptions. In the presentation
below, the discourse is presented in the left-hand column,
and comments are presented in the right-hand column. The
symbol T signifies the teacher; S-1, S-2 et cetera signify

the students; R signifies the researcher.

Episode 1

This episode is from the interview with a teacher who
has taught biology for nineteen years. The teacher holds a
baccalaureate in biology education and a master's degree in
curriculum development in biological sciences. The
interview begins with a question based on the manner of

presentation in the observed lessons.

Discourse Comments

R: «--

Now, something that you have
done in the class that I
noticed, was you nade a
specific point of teaching
the history of biology as
you went through that
section. Do you normally
make a practice of doing
that?

The teacher had presented
the autotrophic lessons

in a chronological fashion
and major experimeits

were highlighted.

The teacher's explanations
presented the experiments
as a series of directly
related events that

buiit on one another.

T: On this particular topic,
for some reason I emphasize
it more than other topics.
Because the book presents
quite a few men in the
treatrment of the subject and
secondly, I guess, I find it
an opportunity to see
progression more clearly
than in some other fields.

During the lessons the
teacher did not
verhalize, to the

I'm aware of it. But you can
see how ideas grow. Starting
quite early and how they
progress and become more

and more complex and more
more complicated. ---

T think it is an oppor.unity
to point tha. out. Whether
the students get that I

don't know, but I definitely
was trying to say 0.K., the
first questions that were
asked and the way they were
answered was certainly
different than the questions
questions being asked now

and the way they're being
answered now. Or the way
answers are being sought now.

k: Why do you feel that
the history and the
philosophy behind those
experiments is important to
offer the students?

Is there an objective behind
your presentation of it?

T: I don't see any value in
learning Priestly's name and

the date unless I'm using that

to communicate progressicn
and how knowledge grows. ---

students, that he was
artificially connecting
the experiments and that
many other ¢. periments
would also have been
conducted. The idea

of progression was
implicit in the lessons.

The teacher's treatment of
questions was explicit.
Specific statements were
made concerning the gradual
increase in the number of
questions as well as tne
complexity of those
questions.

Researcher attempts to
establish the reason for
the teacher's approach.

Teacher states a basic
premise of his/her
conception of biologv and
biological knowledgc.

Comments on the teacher's conception

Observations related to the teacher's presentation of

biological knowlzage ied me to the inference that the

teacher's conception of biology was strongly influenced by

emp ricism. This term refers to the notion that reliable

inferences are produced by an experimental method based on

sense-axperience and controlling variables. During a

validation discussion the teacher agreed with the inference




and identified the scientific method provided by Arms and
Camp (1979, p. 3) as an accurate representation of his/her
conception of biology. There is consistency among the
teacher's view of biology, understanding of scientific
progress and the presentation of a gradual expansion of
biological knowledge in the classroom lessons. The
censistency is found 1n an empirical-analytic orientation to
biology.
Episode 2

The following two excerpts are from the student
interviews. The first excerpt is from the discussion with a
student, S-1, whose last science class was a grade 10

biology course, 17 years ago.

R: What is different about Researcirer solicits
biology today compared to data.
100 or 200 years ago?

S-1: Here's what I think of it.
We started off with the cell
theory through Hooke, the cell
theory through the cork and

now we're splitting the atom. ---  S-1 implies %nowledge has

And back then you weren't even increased with the
aware of such things as atoms. passage cf time.

R: So, has biology progressed?

S-1: (h, definitely. Through S-1 demonstrates the
the questions and answers. received view of
scientific progress.

R: In terms of questions asked 63

and answered years[Ego

S-1: hgell they S-1 connects the number
didn't have that many questions of possible gquestions to
to ask years ago, because they knowledge accumulation.

didn't know that much about it.

R: So when you say they didn't Elaboration requested.
have many questions, how would

you measure progress in

biology?

S-1: Just the general knowledge. S-1 restates the idea of
——- knowledge accumulation.
R: So are you measuring progress

in biology by the number of

questions we canjask?

s-1: Yes. S-1 associates scientific
progress with the number
of questions asked and

answered.

R: Are there a certain number

of guestions we can ask?

S-1: We're constantly learning S-1 suggests scientific

so, the number of questions progress, or knowledge

constantly increases. accumulation, is increasing
in conjunction with the
questions.

The second excerpt is from the discussion with a
student, $-2, whose last science class was the equivalent of
a grade 9 general science (..rse, 23 years agc. The
student's image of scientific progress is very similar to
the image reported previously. Important points concerning
the foundation of the conception are revealed in the

following discourse.



Discourse

R: Can you think of anything
in your past where you have
picked that up?

S-2: I think it's been
from my general interest

in the out of doors and
taking courses. And

also from this current
class as well. --- And
science generally, you have
to have proof or a certain
amount of proof before

anything is accepted by those
scientists out there. So it has

Comments

Refers to previous comments
made by the student that
scientific prugress is
reflected in the increase of
questions and answei ;. Also
there is an increase in the
complexity of such guestions
and answers.

S-2 indicates the concept of
scientific progress is based
on experiences in certain
science classes.

to be a progression. [ don't see

how you can go out on a

completely different tangent.

(The discussion continued in this manner with the student
outlining a conception of proof that requires controlled
experimentation. The student provided an example fror
present class and the discussion evolved into a descripc: »
of how molecular bonding was taught.)

R: When you were taught
bonding, how was that
taught? Can you describe
that?

S-2: Um, [the teacher] did
it with pictures, on the
board with rings

around each one. ---.

R: So, was it taught to
you as{fact?

$-2: fes, yes. That right.

Request for data.

S-2 describes the presentation

of the Bohr model.

Request for the student's
backing.

S-2 indicates the model was
presented as *nformation
that is certain.

: Or was it taught as a Alternatives suggested.
theory? That there are

difficulties with it but

this is the best understanding

to this point?

S-2 states how the model was
understood.

S-2: No. 1 took it as a
straight fact.

R: When you think of bonding
in molecules today, how do
you think of it? ---.

$-2 indicates a conception of
bonding that is based on the
Bohr model but it is
understood to be certain.

$-2: It seemed reasonable
to me. Ya, if someone were
to ask me that question
that is the kind of answer
I would give them. ---.
I'm here to learn biology
and that is what the guy
is teaching. And he says
this is this and that's
what the exam is going to
ask you. And if you want
to pass the exam you

write the correct an_wers
down. Right?

S-2 states a Jjustification
for the conception and
implijes that the teacher
established it through
authority of position.

Comments on the teacher's and students' conceptions

The data from both episodes indicate that the teacher
and students understand scientific progress in a traditional
expansionist view. The conceptions are characterized by a
continual increase in the number of questions that are poseu
and a corresponding increase in the (.mplexity of the issues
dealt with by those questions. The teacher data
demonstrates a traditional expansionist view that is
consciously taught and it is done for particular reasons. A
major reason being, knowledge of the natural world is gained
through an empirically based research method and an
effective way to understand the natural world is to view

knowledge production as cummulative,
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The student data illustrates two important points.

One, the traditional expansionist view is readily accepted
by students. Two, students establish justifications for
knowledge according to various factors. An important factor
is the teacher's style of presentation. If information is
provided as empirically established fact, and presented
without conflicting evideace, students seem to accept it
unquestioningly. Part of this presentation is the use of
the teaching role as an authoritarian position. Students
sp2ak of establisking their justifications for Lnowiedge
through the teacher's authority as a teacher (Peters, 1967)
and not as an authority in science that has provided a
reasoned argument. In the case of S-2, the combination of
teaching style and the teacher's control over examination
results directly influenced the way in which knowledge was

conceptualized.

Conclusion

Kuhn (1970) and Lakatos (1970) suggest that the
fundamental commitments of a paradigm or research program
drive research traditions. That is, basic conceptions
determine acceptable problems, the manner in which
investigations are conducted, what counts as data, and what
is considered to be scientific knowledge. Part of a
person’s fundamental commitment is the frame of reference
the individual uses to view the world. In the data
presented, the empirical-analytic orientation is dominant
and the individuals view tne world from an objective,

technically oriented stance. An important element of this
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view is the separation of people and the world such that it
becomes possible to investigate phenomena in ways consistent
with logical empiricism.

As a result of adopting this technical orientation
science education has been led to accept a reconstructed
view of science that has become known as the "Baconian
scientific method.” The image of science presented by
empirical-analytically oriented teachers is a logical
process in which scientific knowledge is established or
discovered. In conjunction with the scientific process
there is a linear accumulation of facts and concepts.
Consequently, scientific progress is interpreted to be a
continual expansion of questions and answers.

In bringing this paper to a close, it becomes evident
that students’ conceptions of science are influenced by
broad epistemological questions such as world views and
conceptualizations of knowledge. Given the criticism of the
traditional conception of scientific progress, along with
the empirical-analytic vizw, there s an implicit suggestion
that an alternative view be considered. I propose that
science educators consider scientific progress from a frame
of reference in which meaning, instead of <xplanation, is
the central issue. This means shifting philosophical
perspectives from an empirical-analytic view to a

historical-hermeneutic view. Such a view casts people in a
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role where individuals give meaning to situations by “
interpreting events. In such a view a person does not

consider knowledge as an object that has direct

correspondence to rnature; but rather, the person understends

knowledge to be a human creation.
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A Programmatic Approach to Teaching and Learning
About Student Understanding of Science and Natural
Resource Concepts Related t¢ Environmental Issues

Michael J. Brody
University of Maine
Orono, Maine 04469

The problems facing science educators are numerous and
scientific literacy of youth is an important popular concern.123
Over the past several years science education in general has been
viewed as if in a crisis state.4 One step toward solving these
problems is to design science curricula based on real life events,
up to date scientific information and stvdents' existing
knowledge about their world. Today's environmental problems
and issues are front page material and they have the potential of
making science real and adding meaning to both teaching and
learning. Science and environmental studies can be taught as an
integral unit to help students overcome the misconception that
science is only for scientists, and the incorporation of
environmental issues into the present science cun;iculum can
increase the relevance of science topics studied.

The University of Maine, College of Education, Science and
Environmental Education Program has instituted a graduate
level course designed to help students lean concepts and skills
useful for the development of environmental education
curricula and help address critical problems in science
education. ESC 525, Planning the Environmental Curriculum,

1Brown,F K. and Butts, D.P.., eds. 1983, Science teaching: A profession speaks.
Washington D.C.: National Science Teachers Association.

2Opel. J.R. 1982. Education, science and national economic competitiveness. Sciznce
217: 1116-1117.

3press F. 1982. The fate of school science. Science 216 1055.

4yager, R.E., ed. 1980. Crisis in science education. Science Education Center Tech ical
Report No. 21. Jowa City: The University of Iowa.

144

is a practical hands-on workshop experience in the planning of
relevant natural resource-based curricula for elementary,
middle and secondary students. Each semester a specific topic is
selected and students analyze available primary information and
assess public school students' relevant understanding of those
concepts. The combined scientific and student knowledge forms
the basis for the design of meaningful classroom activities.

Over the past three years ESC 525 has been offered twice and
has involved twenty eight university students who focused first
on natural resources in the Gulf of Maine (1985) and then Acid
Deposition (1987). These topics are of particular interest to
people in Maine and Atlantic Canada since both are critical
international resource issues. Several students have gone on to
design and implement classroom based curriculum based on the
results of our studies.

The strategy used in ESC 525 is described in this paper and
involves five steps: 1) identification of an appropriate
environmental issue, 2) concept analysis of related science and
natural resource topics, 3) design and implementation of student
interviews at fourth, eighth and eleventh grades, 4) analysis of
interviews and S) report preparation.

RATIONAL I'OR METHODOLOGY

NATURE OF PROGRAMATIC RESEARCH EFFORT

Research in science education has traditionalty been centered
at institutions of higher leaming particularly in colleges and
departments of education. These programs can be characterized
by particular approaches to educational research. Among these
it is easy to identify large scale programs which maintain a
“critical mass " of faculty and graduate students. This number
can be as much as 12 faculty involved exclusively in science
education . Another type of program at what might be
considered "medium" size state universities may involve from 4
to 6 faculty, and yet another example of 1 to 3 faculty typifies a
"small scale” program.
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It is these small scale programs ( the University of M: ‘ne is an
example) in which a new type of "programmatic” effort is
evolving. Unlike "critical mass" or "medium size" programs,
smaller institutions are often limited in funding levels and in full
time staff and faculty. In response to these limitations we have
focused on small scale, relatively local studies and the
integration of a research team approach w' ‘in the context of
our graduate course offerings. The methodology described in
this paper is an outgrowth of this evolution.

It is important to note that small scale prograrus can effectively
work within the context of a larger progra:nmatic research
effort which can be international in scope. In a recent article in
the American Psychologist] Susan Carey refers to
misconception research efforts as "a highly productive cottage
ind. try". In other words small scale programs or research
efforts, such as much of the misconception research, may
constitute a discrete and valuable unit of effort within a larger
programmatic research tarust. The "cottage in- . try" analogy
can be extended and elaborated by consider...g the changing
nature of society and industry,

In the late sixties and early seventies there was a growing
ecological conception that large scale agriculture and
development programs were actually depleting our resources
and contributing to ¢ decline in biological diversity.2 This was
followed by the popular concsption that society was changing
from an industrial, large scale, highly cenralized, mass
production age to a communications age characterized by local
small scale opportunities and networks which collectively had
the potential to increase our productivity and effectiveness
beyond the centralized approaches.3

1Carey S., 1986, Cognitive Science and Science Education, American Psychologist, Vol.
41, no. 10, 1123.1130.

2Leopold, A., 1966, A Sand County Almanac, A Sierra Club/Ballentine Bu. . Oxford
University Press Inc.

3Naisbitt, I., 19882, Megatrends, Wamer Books inc. New York, NY.
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If we consider the papers included in the Proceedings of the
International Seminar on Misconceptions in Science and
Mathematics! (and the schedule of papers presented here)
and note the type of research and the institutions which the
authors hail from, it is easy to see that there is a trend towards
small scale programmatic work in this area. Informally
colleagues interested in misconceptions research have referred
to a "university without walls.” A modern conception may be of
a diffuse network throughout the world which may collectively
have a synergistic effect on our understanding of particular
educational problems. This has great implications for the future
direction of research in science education.

In response to the basic necessities of conducting valid and
reliable research in a small institution in 2 predominantly rural
environment, and given environmental, social and economic
indicators, we have committed ourselves to the redesign and
innovation of our teachin,,, service and research efforts. This
paper describes one step in this evolution of ideas and practice
which are part of a total redesign of the College of Education at
the University of Maine.

NATURE OF KNOWLEDGZ

The basic assumpticn in th.. development of this program has
been that knowledge is an activity in which individuals (or teams
of people in this case) pa... pate and construct new knowledge
based on previous knowledge. This seems to be a concept which
is at the core of science education in general since the word
science itself is derived from the French ,sciens , meaning
having knowledge2.

The constructivist perspective is a view of science which has
been growing in popularity as evidenced by the philosophical

! Hem, H.& J. Novak, 1983, Proceedings of the International Seminar on
Misconceptions in Science and Mathematics, Comnell University, Ithaca, NY.

2 Webster's Seventh New Collegiate Dictionary, G.&C. Merriam Company, Springfield,
MA.
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and theoretical assumptions underlying many of the recent
papers presented at national conferences such as the National
Association of Research in Science Teaching.! This has been a
growing trend during the 1980's and is in some ways a reaction
to the empirical quantitative studies which have increasingly
been dismissed as having little practical value for science
educators.

The constructivist perspective in science and particularly in
science education research has been an important component of
our course work. Graduate studerts in science education need to
be exposed to these ideas not only in the context of science
content and teaching but also as an integral guiding paradigm
{or meaningful research in science education. ESC 525 attempts
to integrate these ideas in a practical "hands-on" type of course
offering.

1«(ATURE OF THE LEARNER

Leaming is the comprehension and acceptance of concepts
which are intelligible and rational to the learner. Learning is
not siraply the acquisition of a set of correct responses :nymore
than science is simply a collection of laws and prir.ciples.
Meaningful learning can be considered a process of conceptual
change which occurs in two distinct phases, assimilation and
a. .umodation 2. Assimilation occurs when the learner uses
ex. g concepss to deal with new phenomena; accommodation
occu. when the leaiaer has existing concepts which are
inadequate to aliow him/her to comprehend a new phenomena,
and the leamer must reorganize his or her existing conceptual
framework. Therefore, a critical condition for meaningful

! Nationa' Assozation of Research in Science Teaching, 1986, S9th Annual NARST
Conference Abstracts of Presented Papers, SMEAC Informauon Center, Ohio State
University, Columbus,

Ohio.

2posner, George J., Strike, Kenneth A., Hewson, Peter W., & Gertzog, William A.,
(1982). Accommodation Of A Scientific Conception: Toward A Theory Of Conceptual

Change. Science Education. 66(2), 221-227.
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learning is for the teacher to determine what the leamer already
knows. Of the many variables that influence learning in science,
the learner's relevant background knowledge and his or her
existing internal conceptual framework are two of the most

ir iportant.123, Once this information is obtained, teaching
strategies may use what the learner knows to add new
knowledge to the conceptual framework; existing concepts must
be integrated with the new information and incorporated into
the framework.

Since the late 1970's many studies have focused on students'
conceptions of the world.4 These studies have addressed
scientific concepts related to heat, the nature of matter, light,
living, photosynthesis, the human body and others. Although
these studies have led to a greater awareness of the effects of
prior knowledge and misconceptions on the learning of specific
science concepts, few studies have dealt with the student's
knowledge of the multidisciplinary aspect of current
science/environmental issues. Our research at the University if
Maine is not limited to a particular scientific conception within a
particular discipline. It addresses relevant science concepts in
relation to real life events and issues, bringing together several
natural and social science disciplines. We believe this is a
valuable approach since it deals with student knowledge of
larger, more inclusive, conceptual frameworks rather than
isolated r.otions.

INovak, Joseph E., & Gowin, D. Bob, 1984). Learning How To Learn. Cambridge
University Press, Camoridge, England

2West, L.H.T., & Fensham, P.F., (1976) Pror Knovledge Or Advance Organizers As

Effective Variables In Chemical Learmung. Journal Cf Research In Science Teaching.
13(4). 297-306.

3Ca;ey. S. 1986. Cognitive science and science educauon. Am. Psychologist. 41(10):
1123-1130.

4 Helm, H.& J. Novak, 1983, Proceedings of the International Seminar on
Misconceptions in Science and Mathematics, Cornell University, Ithaca, NY.
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In formulating the approach to our research, we are guided by
several theoretical perspectives: (1) before assessing student
knowledge in any domain, the major concepts and organizing
pr.aciples of the knowledge domain must be identified!; these
principles should be broad and ir~lusive, stressing conceptual
relationships and meaning rather than isolated facts, (2) the
assessment of student knowledge through interviews provides a
more comprehensive picture of student understanding of
concepts and conceptual relationships than other more
frequently used assessment techniques, such as multiple choice
tests,2 and (3) the assessment of knowledge in a given domain
can provide information useful in the design of curricula and
educative materials that address the conceptual problems and
misconceptions of students directly, and that introduce new and
difficult concepts in ways that will facilitatc non-arbitrary
(meaningful) linkage of those concepts to existing relevant
knowledge in students’ cognitive structure.3

The modified clinical interview approach is used in this study
to determine the relevant concepts already established in the
cognitive structures of the students involved, and to determine if
they are inclusive enough to incorporate the more differentiated
and detailed science and natural resource concepts related to
environmental issues436. This approach helps guarantee the

1Chamyagne, A & L. Klopfer, 1984, Research in Science Education: The Cognitive
Persperuve in 1. Holdzkum and P. B. Lutz (eds) Research Within Reach: Science
Education, Nanoral Institute of Educauon, Washington, DC.

2Novak, Joseph E., & Gowin, D. Bob, (1984). Learning lHow To Learn. Cambndge
University Press, Cambridge, England.

3Ausubel, D.P.J.D. Novak & H. Hanesian. 1978 Educational Psychology: A Zognitiv:
View. New York. Holt, Rinehart & Winston.

4 Ausubel, David P., (1960). The Use Of Advance Organizers In The Learning and
Retention of Meaningful Verbal Matenal Journal Of Educational Psychology. 51(5).
267-272.

SKahle, Jane Butler, (1978). A Comparison Of The Effects Of An Advanced Organizer
And/Or Behavioral Objectives On The Achievement Of Disadvantaged Biology Siudenis.
National Institute Of Education. Washir.gton, DC 2-14.
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availability of relevant anchoring ideas in cognitive structure,
and can providz a vehicle for the student to understand the
relevance of existing concepts which is a necessary condition for
meaningful leamingl.

The rationale for this study is based on the importance of
established concepts available v/ithin the cognitive framework
of a learner. This can make the iatroduction of potentially
logical new concepts meanirzful and provide stable anchcrage
for the new concepts. The more inclusive concepts of a
discipline can be tne anchoring concepts or subsumer, helping
learners identify already existing relevant content in their
cognitive structure, and indicating both the relevance of the
existing structure and the material to be learned. The principle
goal of our work is to bridge the gap between what the learner
already knows and what s/he needs to know in order to
understand basic ecological issues.

One specific application of this study is in the area of
misconceptions and naive theories. Naive systems show
remarkable consistency across diverse learners, and are
resistant to change by traditional instructional methods.
Traditional curricula apparently do not facilitate an appropriate
reconciliation of pre-instructional knowledge with the content
of instruction.2,3 Our work is designed to help overcome the
severe limitations imposed when teachers and curricula do not

Epella, Miltcr, ., (1969). Three Levels Of Abstracuon Of The Concept Of Equilibrium
And Iis Use As An Advance Organzer. Journal Of Research in Science Education. 6.
11-2].

1Ausubel, D.P.,J.D. Novak & H. Hanesian. 1978. Educational Psychology: A Cognitive
View. Mew York. Holt, Rinehart & Winston.

2 Helm, H. & J.D. Novak (eds). 1983. Proceedings of the International Sersinar on
Misconceptions in Science and Mathematics, Comnell University. Ithaca, NY.

3Champagne, A.B. & L.E. Klopfer. 1984. Research in science education the cognitive

psychology perspective in D. Holdkzin and P.B. Lutz (eds), Research Within Reach:
Science Edu.1tion, Washington, DC Nauonal Insdtute of Education
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take the students’ preexisting knowledge structures into ECOSYSTEM
cousideration before the preseniation of new concepts. ]
requires
METHODOLOGY —
. . . ENER
The topics of natural resources in the Gulf of Maine (1985) can be N to
and. Acidic Df’.posm.on (1987) were selected as relevant LIGHT includes | proDUCTIVITY]
environmental issues in the state of Maine based on a survey of
popular magazines ar?d newspapers publish.ed _in Maine. utilized| by prp———— utilized|by
Relevant primary scientific research publications were -
L . PLAN
identified and conceptually analyzed to compile the content leads|to ”’F@
principles related to the topic of study. The content was concept DIVERSITY
analyzed using group evaluation of concept maps constructed begins the / o x comprise
from primary research articles. These were separated into five contribute to
subsuming concept areas; geologic and geographical concepts, FCOD CHAIN | FOOD WEB I

physical and chemical processes, ecology, economics, and
political concepts. Concept maps were constructed by each
individual on the research team for the five major concept
areas!. The concept maps took their final form after long
discussions of conceptual relationships and after a consensus of
the entire team was reached (see Figures 1). From the five
finalized concept maps, content principles concerning the Gulf
of Maine and Acidic Deposition were compiled as a guideline
for student interviews (see Tables 1 and 2).

Figure 1. This concept map includes principles 6, 7, and 8 from
Tabie 1 on the Gulf of Maine (1985). It covers those concepis
related to ecology.

INovak, J¢seph E., & Gowin, D. Bob, (1984). Learning How To Learn. Cambridge
University Press, Cambridge. England. 1
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TABLE 1. INTERVIEWS
CONTENT PRINCIPLES USED IN THE ANALYSIS OF
THE INTERVIEWS CONCERNING NATURAL
RESOURCES IN THE GULF OF MAINE (1985) In our first study, which focused on the Gulf of Maine (1985),
- — - one hundred eighty-seven students (387) from twelve schools
LT G Main s scparsted o e Ak Ot (1) yore merviws sy our (64) s grades, sy (60
S. and Canada. 8th graders and sixty-three (63) 11th graders. In the second

2. The ocean bottom is continuous with the continent, has study on Acid Deposition, one hundred and seventy five students
;lope, gets progreéasxil\;lellys' f;&esr anéi ili i:lterrupted by bottom from eighteen schools in Maine were interviewed: fifty ihree

eatures such as channels, and shoals. . . . .

3. Ocean water in the Guif of Maine is ch-aracterized by low 4.gcir::;rs, ﬁfty. t{).ete :d; grz:iders, ar?d sucty mne lm'f gfaders(.i
temperatures and salinity, which is primarily the result of fresh 'S were selecte afe uPon m'tervxewer proxxr'mty an
water inputs from the continents. convenience. Where possible, incerviewers were assigned to

4. Ocean water in the Gulf of Maine is nutrient rich. interview a grade level clcse to the level at which they had

5. Water in the Gulf of Maine moves because of wind driven teaching experience. Interviewers were University of Maine
waves.am'i currents, river iinfputs “i“d tide-z, which collectively College of Education graduate students enrolled in ESC 525.
mgf‘gnlgr‘g‘g‘;’lzlg?ﬁig ﬂgggzs)t’eﬁ?:omwsit;rfc; plants to Rural and urban -areas.were both well represented. In. each
animals. school, students interviewed were selected from a particular

7. Within the system, plants capture light energy and use it to class based on the willingness of the teacher and the students to
make fpo_d. ) ) ) participate. The students were not preselected for their level of
; 8-:"}‘:;‘_‘" thg syslt)em, plants and animals interact in 2 complex achievement in science, and were believed to be representative

°9°. ’19he gualelofwl\ia'ine contains valuable living and nonliving of a heterogeneous population. Approximately half of the
resources that people have exploited over time. sample were feme'es and half were males.

10. Renewable resources in the Gulf of Maine(fish, seals, Although schools were selected pritnarily on the basis of
lobster, algae) have been harvested using a variety of traditional proximity and the convenience of the interviewers, both urban
w;??ﬁ:ﬁége?:iﬂ?iss’o r:lict:se)s', such as hydrocarbons and and rura.lu schools were represented as .well as sc.hools in
gravel, are bzing considered for exploitatior. communiiies representing a range of socio-economic levels.

| 12. The Guif =f Maine is also considered valuable for Samples of convenience and the use of volunteers have the
| recreation, research, tourism, and other nonconsumptive uses. potential of introducing sampling biases, but we believe the
| 13. The Guif of Maine has traditionally been utilized as a heterogeneous nature of our final samples kept sample bias to a
| common resource by many nations, and currently there is a minimum. This is supported in part, by general agreement
conflict over the future use of these resources. b h . 1 sumi ’ h . )

14. Disputes over resources van be negotiated by concemed etween the studies and similar results of the statewide Maine
parties through mutually agreed upon decision making Assessment of Educational Progress in Science, which involves
(negotiation). sampling of the entire student population in 4th, 8th and 11th

15. In order to insure a bal~nced system, management rades!,
strategies based on conse. vation ang utilization rrgxust be &
praCticed' 1Maine Dept. of Education and Cultural Services, 1987, Summary Report of the Maine

E l{[lc 1 .:; 4 Assessment of Educational Progress, Augusta, Maine.
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Intervie'wers were the same students who had previously
analyzed primary research documents and secondary sources.
Each member of the research team was assigned to one school
system. Literview techniques were standardized during practice
sessions during class meetings using both audio and video
taping.

Interviews were guided by general lead in focus questions,
developed from the previously constructed concept maps.! Lead
in questions were followed by more specific probing questions
based on the concepts maps, to determine the presence or
absence of concepts and misconceptions, and the student’s
overall understanding of the major principles. Standardized
interview props were used to sustain the intervicwee's interest
and to focus attention. Each interview was audio taped and lasted
approximately twenty (20) minutes.

DATA ANALYSIS

Each member of the research teams in both studies scored his
or her own audiotaped interviews. Prior to the actual scoring,
the research team reviewed and scored several sample
interviews to help improve interrate- scoring consistency.
During these class sessions interrater agreement exceeded 75%
for all content principles in a random sample of several
interviews.

After corapletion of all the interviews in each study,
interviewe s scored their taped interviews. For standardization
of scoring, :he principal investigator provided a form which
Jisted specific concepts organized under each of the 12 major
content principles. The following rating system was used to
rate student knowledge for each of the 56 concepts:

INovak, Joseph E., & Gowi, D. Bob, (1984). Learning How To Learn. Cambndge
University Press, Cambidge, England.

0 -Concept not asked by the interviewer ornot cc  -ed well
enough to be rated.

1- No understanding of the concept. Student either had
no knowledge or had only misconceptions of the concept.

2 - Low partial conception. Student recognized or
understoodpart of the concept.

3 - High partial conception. Student recognized and
understood most of the concept.

4 - Complete understanding. Student recognized and
understood the entire meaning cf the concept.

Misconceptions were also identified and tabulated as they
occurred. Each interview tape was analyzed and rated with the
above scale. The mean interview score for each principle and
the grand mean interview score on all content principles were
calculated for each grade level. For this purpose,
misconceptions were given the same rating as completely
missing concepts (0). While some researchers may argue that
misconception knowledge interferes with learning and should be
scored negatively, others contend that they may provide some
useful cognitive structure and should be scored positively. These
positions are hard to document explicitly, ard it is even more
difficult to determine just how positively or negatively a
misconception should be scored. Consequently, we assigned a
score of zero to student misconceptions to represent an
intermediary position on these ~iews. One way analysis of
variance and multiple range tests were used to determine
whether the mean scores of 4th, 8th and 11th grades were
significantiy different from one another. Similar analyses were
done to determine significant differences between the grand
mean scores of each grade level. The unit of analysis was the
student since the issues and topics addressed by the content
principles are multidisciplinary and not iestricted o topics
discus.ed in any one classroom at any given time. Our aim was
to determine overall differences between 4th, 8th and 11th
graders knowledge of environmentally related science concepts
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and issues gained through an array of experiences, both inside
and outside the school environment. We were not comparing the
effectiveness of individual classrooms at specific times, nor
were we comparing school systems, although these factors
probably contribute to variability in student knowledge.

INTER-RATER RELIABILITY

In the second of our two studies which focused on the concepts
related to acidic deposition, there were 18 cooperating
researchers, each of whom conducted interviews with
approximately 12 students from one of three grade levels in 15
different public schools in Maine. Each researcher evaluated
each of his or her own interviews to rate the student's
knowledge relating to acidic precipitation. One obvious
concern in a study of this magnitude and complexity, as with all
qualitative research, is that of inter-rater reliability, or the
degree of consistency with which the researchers rated the
knowledge of the students. To help alleviate this concern and to
report reliability, each researcher interviewed students from
one grade level, and all researchers used the same set of concept
maps to evaluate their interviews. As a final check of inter-rater
reliability, each rater evaluated a single set of three interviews --
one from each grade selected as being representative oi that
level of knowledge. The inter-rater reliability was then
computed as a function of all researche.s rating a single
interview from each grade level and as a function of researchers
rating a single interview from the grade level which they had
interviewed. Intra-rater reliability, or the relative stability of an
individual researcher in rating a series of interviews, was not
considered to be a problem based on a random sampling of
intcrviewers who had checked their reliability by re-evaluating
their interviews to determine their rating consistency.

Inter-rater reliability was calculated for each of the concepts
and for the content principles, for each grade level. To
calculate the reliability level for each concept, a stroke tally of
ratings for all interviewers for each interview was compiled.
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The highest agreement in a given concept wa divided by 18, the
total number of interviewers, to get a percentage. This was used
as the inter-rater reliability. Based on all irterviewers scoring
the, same three interviews, one from 4th grade, 8th, and 11th
grade, reliability was rated as the percentage of agreem.  on
each item. The scores were; 4th =59.3%, 8th=55%, and 11th=
54.7%.

ANALYSIS

Very few interviews covered all concepts found in each
principle, but when analyzed collectively they provided an
adequate sample for the entire set. The statistical comparisons
between grades were compared on the content principle level,
not by comparing individual concept knowledge. Although the
knowledge of individual zoncepts is desirable, it is the students’
viderstanding of the interrelationships among these concepts
that is important. Concepts are considered the building blocks of
content principles and we believe these principles represent a
more vilid measure of the students' understanding and
knowledge structure.

Means and frequencies were calculated for each content
principle. A one-way analysis of variance (Alpha = 0.05) was
conducted for each principle by grade level and an F-ratio was
calculated to determine if the differences were statistically
significant. If a significant F-ratio was found a multiple range
test was done to determine significance between the grade levels.

RESULTS

The mean scores and standard deviations for our first study
conceming the Gulf of Maine (1$35) are shown in table 3 and
figure 2.. Content principles 1 through 15 are analyzed by
grade level. An ANOVA analysis (alpha =0.05) was performed
to compare the mean principle scores among all three grade
levels. Duncan's multiple range test was used to determine
significant differences between grade levels.
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TABLE 2.

CONTENT PRINCIPLES USED IN THE ANALYSIS OF
THE INTERVIEWS CONCEP"ING ACIDIC DEPOSITION

1. Geologic processes include sedimentary and igneous
processes which produce, among other sedimentary rocks such
as limestone, fossil fuel beds as coal and petroleum, vulcanoes,
and intrusive igneous rocks such as granite.

2. Acidic precipitation affects the way various rock types are
weathered. Soil produc:d from sedimentary rocks tend to act as
buffers against the effects of acidic precipitation; soils produced
from igneous rocks have little buffering capacity, allowing
acidic waters to leach essential plant nutrients from the soil and
also to liberate metals and other toxins from the soils.

3. The products of combustion of fossil fuels, and to some
extent volcanism, contribute sulfuric and nitric oxides and dust
to the atmosphere. These elements contribute to the production
of acidic precipitation.

4. Chemical pollutants and water combine in the atmosphere as
a result of reaction triggered by the sun.

5. Weather patterns and wind currents result fro. . differences
in heat in the atm~ nhere and the earth's rotation and result in
the transportation of chemical pollutants.

€. Ecology is the study of aquatic and t=rrestrial ecosystems
including living and nonliving compone-: ;.

7. Living components include procuce., con.umers, and
decomposers combining to create a foo. veb.

8. The system can be altered by increased acidity aff=cting
growth, reproduction and respiration, zad may indirec.ly cause
death.

9. Industry based on consumption of natural resources for the
production of materials for profit can lead to acid deposition.

10. Acid deposition affects natural resource utilization in
recreation and agriculture.

11. Acid deposition occurs within a political system based on
local, regional, and global concerns.

12. Condlicts may arise over acid deposition possibly leading
to confrontation, negotiation and/or arbitration resulting in
treaties, regulation, and/or legislation to sol* ¢ conflicts.
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TABLE 3.
Mean Score ( £ S.D.) by grade. ANOVA ° -mary:
Content Grade  : comparisons
ingci 4th 1th 4th& 4th h&
1 _0.8(0.6) 0.9(0.9 1.100) NSD NSD NSD
2 1.3(0.6) 1.3(0.0) 13(0.6) NSD NSD NSD
3 1.000.5) 0.7¢(0.7) 1.0(0.6) * NSD *
4 0.2(0.4) 0.3(0.6) 0.3(0.6) NSD NSD NSD
S 1.000.5) 1.1(0.7) 1.1(0.5) NSD NSD NSD
6 0.100.4) 0,9(0.9) 0.9(0.7) * * NSD
7 __0.2(04) 0.6(1.0) 1.2(0.9) * * *
8 1.3(0.7) 14(1.2) 1.6(0.6) NSD NSD NSD
9 _0.8/"35) C.8(0.6) 1.2(0.5)  NSD * *
10_1.4¢0.6) 1.6(1.1) 1.7(0 6) NSD * X
11_0.1(0.3) 0.5(0.8) 0.8(0.7) * * *
12_09(0.7) 1,0(0.8) 1.4(0.6) NSD * *
12_0.5(0.7) 0.6(0.9)  0.6(0.8) NSD NSD NSD
14 0.8(0.7) 1.0{0.9) 1.5(P6) NSD * *
15 0.6(0.7) 1.0(0.9) 1.5(0.6) * * *
GM 0.8(0.3) 1.0(0.4) 1.2(0 4 * * *
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Table 3. and Figure 2. show that the mean interview scores for
each principle at each grade level were all relatively low. Table
3. shows the Gulf of Maiue (1985) principles for which
statistically significant mean score diiferences were nbtained
between grade levels. With the exception of priciples 6, 7, 11,
14 and 15 these grade level differences were small and d- not
represent overall differences in the degree of concept
differentiation and comprehension of the content principles.
Although the grade level grand means were significantly
different, the differences were small and indicate relatively
minor overall gains in comprehension between 4th and 11th
grade. The grand means indicate that, on average, students at
each grade level understood only a few basic science and natural
resource concepts, and their relationships, concerning the Gulf
of Maine.

In our second study concerning Acidic Deposition (1987)
statistically significart differences were found on all of the
content principles except for principle 10, but only in the
comparisons of principles 3, 4, 8 and 11 were these differences
found between all three grade levels. On all of the other
principles (1, 2, 5, 6,7, 9, & 12) the differences were only
significant between fourth and eleventh grade, and between
eight and eleventh grade, out not between fou:th and eigh-a
grades. Alihough Table 4. and Figure 3 indicate that students in
our second sample understood more science and natural
resource concepts than the students in our previous sample, it is
apparent that they still understood only a small fraction of what
we consider necessary for a full understanding of these
phenomena. .

[
)
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Table 4.
Mean scores and standard deviations for Acidic Deposition
(1987) content principles 1-12 by grade level and ANOVA
summary. ANOVAs were performed to compare the mean
principle scores among all three grade levels. Alpha =0.05,
Tukey HSD post-hoc test. *=Significant differences, NSD = no
significant difference.

ANOVA Summary:
Grade level comparisons
Principle 4th 8t1 _11th 4th&:8th 4th&1ith
1 1.66(48 1.61(.62) 1.88(.70) NSL NED NSD

Mean Score ( £ 5.D. by grade.
Coptept

2 1.50(.46) 1.63{.47) 1.76(.49) MNSD * NSD
3 1.36(.31) 1.66(.52) 1.85(.65) * * NSD
4 1.66(.39) 1.87(.50) 2.43(.65) NSD * *
5 _164(.41) 1.80(,57) 2.42(.80) NSD * *
6 1.84(.57) 1.93(.63) 2.89(.69) NSD * *
7 1.94(.56) 187(.60) 2.75(.76) NSD * *
8 1.51(.35) 2.10(.54) 2.29(.73) * * NSD
9 __2.10(.69) 2.12(.61) 2.88(.82) NSD * *
10 _1.78(.56) 1.86(.69) 2.15(.69) NSD * NSD
11 1.45(.46) 1.80(.53) 2.15(.69) * * *
12 1.45(.46) 180(.53) 2.61(.82) * * *
GM_161(30) 1.77(.40) 2.27(.44) * * *
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Table S. shows generaliz«:d student concepts for each content
principle related the The Gulf of Maine. The propositional
staternents represent what we could expect a student to
waderstand about this topic before instruction. As such the list
provides a definite place at which to begin instruction and a
basic framework on which to build new concepts.

Table 5 .
Generalized student correct concepts for each of the content
principles related to the Gulf of Maine (1985).

CONTENT

PRINCIPLE CORRECT CONCEPT

1. The Atlantic ocean is bordered by the eastern coastlines of
the US and Canada.

2. The ocean bottom is continuous with the continents, has a
slope, gets progressively deeper and is interrupted by
bottom features.

3. Ccean water is characterized by low temperature, has salinity
and rivers ar streams run into the ocean

5. Ocean water mixes and materials move around; waves are
wind driven and there are tides caused by the moon's

gravity.

6. Plants need light for something and some animals feed on
plants.

7. Plants need light for something and some animals feed on
plants.

8. Plants and animals interact in food chains and webs.

9. We have been fishing in the ocean for a long time and there
are resources in nature we use.

10. We fish for fish and shellfish using nets and traps.

11. There is a possibility there are other resources off our coast.

12. We use the ocean for swimming, boating and beauty.

13. Conflicts over resources exist.

14. Disputes over resources might be solved by people.

15. Resources can be conserved and utilized if you are careful.
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Table 6. similarly shows what science and natural resource
concepts we can expect students to ur derstand about acid
deposition. These statements form the basic schema which
children bring to the classroom related to specific
environmental problems, and can form the basis for meaningful
teaching and leaming.

Table 6.
Generalized student correct conceptions for content principles
related to Acidic Deposition (1987)

CONTENT

PRINCIPLE CORRECT CONCEFT

1. Different types of rocks can be recognized. Fossil fuels
include coal and petroleum.

2. Acidic precipitation affects how rocks are weathered. Water
can carry materials out of the soil.

3. Burning fossil fuels contributes to atmospheric pollution,
which contributes to the production of acidic
precipitation.

4. Chemical pollutants and water are in the atmosphere.

5. Weather and wind patterns, moving west to east, carries
pollutants.

6. Ecology is the study of aquatic and terrestrial ecosystems,
including living and non-living things.

7. Food webs are composed of series of interrelationships.

8. Systems can gradually be altered by increased acidity caused
by acid raix.

9.F ories produce things for profit, whicn can lead to acidic

recipitation.

1C d rain has a negative effect on certain recreational and
agricultural activities.

11. Within local political systems there are concems related to
acid deposition.

12. Acid deposition can lead to conflicts with a variety of
mechanisms for resolution.

4
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Since the mean score for each content principle at each grade level was
low and indicated only partially correct responses, we realized there are
crucial concepts in each principle which students were lacking Table 7.
summarizes some of the more complex and specific missing concepts related
to the Gulf of Maine.

Table 7.
Missing Concepts for each content principle related
to the Culf of Maine (1985).
Content
Principle Missing Concepts

1. Gulf of Maine separated from Atlantic by Georges
Bank.

2. Channels, banks, siicals; distribution and size of
bottom features.

3. Source or salinity, concentration and dissolved
gases.

4. Nutrients and their role in ecosystem.

5. Current patterns, vpwelling, uniform mixing and
distribution of nutrients.

6. Energy flow and conversions in ecosystem.

7. Microscopic algae for primary productivity. Plants
use scsaf energy to make food.

8. Marine species and distribution, complexity of
trophic relationships; examples of food chain
relationships.

9. Non-living marine resources/exploitation over
time.

10. Renewable natural marine resources.

11. Future exploitation of non-renewable natural
resources.

12. Occanographic research.

13. Future exploitation of marine resources, common
resources e¢xploited by many nations, krowledge of
conflict and utilization process.

14. Mutually agreed upon decision making

15. Balanced system, management, conservation and
utilization.

166

Table 8. list those concept propositions which we found to be
missing from the knowledge base of students in our second study
related to Acidic Deposition (1987). Both table srmmarizing
missing concepts provide valuable information for teache*s who
are interested in teaching environmental issues. These are the
critical ideas which if leamed meaningfully, allow students to
make informed decisions about the environment.

TABLE 8.
Missing concepts for each content principle related to
Acidic Deposition (1987)

Content

Principle Missing Concepts

1. Sedimentary and igneous processes produce, sedimentary
rocks such as limestone and intrusive igneous rocks such
as granite,

2. Soil produced from sedimentary rocks tend to act as
buffers against the effects of acidic precipitation; soils
produced from igneous rocks have little buffering
capacity, allewing acidic waters to leach essential plant
nutrients from the soil and also to liberate metals and
other toxins from the soils.

3. sulfuric and nitric oxides contribute to the proGuction of
acidic precipitation.

4. Chemical pollutani; and water combine in the atmosphere
as a result of reaction triggered by the sun.

5. Weather patterns and wind currents result from
differences in heat in the atmosphere and the earh's
rotation.

7. Living components include producers, consumers, and
decomposers.

8. Altered systems affect growth, reproduction and
respiration, and may indirectly cause death.

9. Industry is based on consumption of natural 1esources.

10. Acid deposition affects natural resource utilizatior..

11. Political systems are based on local. regional, and global
concems.

12. Conflicts lead to confrontation, negotiation and/or
arbitration resu'ting in treaties, regviation, and/or
iegislation.
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The interviews in both studies revealed a number of
misconceptions. Most striking among these were:

-coral reefs exist throughout the North: Atlantic Ocean
-deep aquatic plants don't need light

-oceans are 2 limitless resource

-there are no political boundaries in the ocean
-everything in an ecosystem dies if one thing dies
-smoke floats around then disappears or evaporates
-weather comes from the ocean

-acid rain accumu’ s in the food chain.

Broad misconceptions such as these are apt to influence the
meanings students generate for the concepts and conceptual
relationships in many of the major content principles. For
exa™ple, the misconception that coral reefs exists throughout
the North Atlantic (held by a number of students across the three
grade levels), would undoubtably influence these students’
conceptualizations of the type and diversity of marine life
existing in the North Atlantic. The coral reef misconception has
very direct implications for how new information can be
incorporated into tt  curriculum. Since the Gulf of Maine
characteristically contains cold, nutrient rich, turbid, green
water and co: sl reef formation is impossible under such
conditions, this misconception must be addressed before
students can fully understand productivity in the Gulf.

Probing during interviews revealed that students gained this
misconception primarily by watching documentaries on tropical
marine jife. It appears they have generalized this information to
all oceans.

CONCLUSIONS
Several general conclusions about student knowledge of
science and natural resources concepts rela to
17
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environmental issues emerged from the two studies:

(1) students in our studies learn a few basic science and
resource concepts in the elemcntary grades, relevant to
current issues,

(2) there 1s relatively liule further assimilation of new

concepts or differentiation f existing concepts as these

studenis progress through the grades, and

(3) overall, the level of understanding of basic concepts
and principles related to ecosystem dynamics, resource

utilization and management, and decision-making is iow,
and it seems that many students do not understand or

appreciate the significant rele of the environment in our
socio-economic past, present and future.
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slightly more science and natural resource concepts than
students in the Gulf of Maine study. It is possible that the more
widespread publicity and press coverage given to the issue of
acid rain, including presidential involvement, has provided
more informal education opportunities and has influenced these
relative scores.

In terms of our graduate program there are two general
conclusions which we can draw from these two studies. First the
nature of our research program has been greatly enhanced by
the involvement of graduate students in course work designed to
provide practical experiences in research. Second, the
constructivist perspective in terms of science content and
educational research has led to the design of valuable research
methodologies.

Finally our work addresses basic issues in the design of
meaningful science and environmental curricula. A viable
curriculum should include a set of organized experiences, which
will aid students in developing knowledge and awareness
concerning the environment. If the curriculum takes into
consideration the existing knowledge of students, based upon the
4th, 8th and 1ith grade generalized statements encompassing
basic science and natural resource content principles and
directly addressing student misconceptions, the curriculum can
be a more meaningful learning experience for the student.

Our studies can lead to the productior of a multidisciplinary
curriculum built upon current knowlea, * and that addresses
student misconceptions. Environmental issues involve students
with real-life topics. We believe that scieatific facts must be
accumulated and analyzed in order to make wvalid value
judgements andthat science is found in everyday life and is not
just the rote memorization of meaningless facts from a textbook.
Environmental studies should stress the inter-relationship of all
life and the factors which affe~t life on earth. To preserve this
very complex and fragile systt n we need a general pr.pulace
knowledgeable in the area of science and natural resources.
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"MISCONCEPTIONS' ACROSS SUBJECT MATTERS:
Science, Mathematics and Progromming
Jere Confrey
Departrient of £ducation
Cornell University
Ithace, N.Y. 14853

The wors! evil resulting from the precocious use of speech by young children 1s thet we not only
1a1] Lo understend the 1irst words they use, we misunderstand them without k6 vi. g1, so thet
whrle they seem lo answer us correctly, they 181 to understand us snd we them . This leck of
stiention on our part o the real mesning which words have 1or cinidren seems lo me the couse o1
therr earliest Misconceplions, snd lhese misconceplions, even when corrected, colour their
whole course o, ought for the rest of their hite

Lmile JJ Roussesy, 1 750

The term, misconceptions, 1s in vogue, ke the term, ‘concept’, or
‘mesgningfulness’, its defimtions and conreptializations are lagging far
behind 1ts usage. The word, ”mlsconceptmn"', 1s 1n danger of becoming &
sophisticatec replacement for the word, “errors™ Such @ broad use of the
word wils deny 8 research tradition & fundemental building block, one
which distinguishes a paradigm of research 1n science and mathematics
from its more behaviorist sisters, and as | will argue in this paper,
maintaining chose distinctions is vital to the continued hesith of the
tradition

My goals in this paper are three.

1) to review three phases in the history of “misconceptions”
Hterature with a focus on the 1anguage, the purpese and methods
used,

2) to gistinguish, within the secand phase of development,
contrasting trends among the fields of science, mathematics, and
computer science in misconceptions research, and

/) TeCagnize thet witnin the niiscancetitions trodition, critic1sms
ar the jebel misconceptions ere recurrent. 6 6lternstive
OrOfas6/s suct 85 Studant mentsl! madels. slternstive
CONCEQLIONS . (lildren’s science’. norve thearies end critice]
LEITIErS 6re arten preferred  However. 10 using the term, / 6m
reIerring i & trodition of resesrch on misconcentians Leler in the
FEper. 1 will ISCUSS the 135te af néming this stelle tut hnmited
Leher systems
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3) to propose, within the third phase, 8 conceptualization of
where the research on misconceptions might be heading.

Phase One The readwaters

The current trend of work on misconceptions began in the mid70s wien
researchers 1n science end methematics began to document that students
were not learning what 1t is that teachers and researchers thought they
were KResearchers, who became increasing y skeptical of paper and pencii
achievement tests, sought alternative methuds to examine student
understanding. People realized that the Piagetian method of the chinical
Interviewing provided such an alternative methoc f assessing
understanding. In mothematics, this tradition begins with resesrchers
like Ertwane~r (1975), Davis (1976) and Ginsburg(197¢) who pioneered
work which tocused on the stuc ats’ conceptions Inscience, Easley
{1977) and Hawkins (1974) represent the beginnings of this tradition.
Some of the work was concept-specific, such as Peck and Jenks' (1979)
work on frections; other work was problem-specific, such as Clement and
Lochhead's work on the trenciation of algebraic symbols in the students
ond professors problem (Clement Lochhead and Monk, 1979, Clement, 1982).

This early work set the tone for much of the later work. It was shown
that students’ conceptual knowledge was weak and superficial, and that
they often relied on memorized procedures, past experiences and informal
knowledge The pohitical ramifications of the studies were widespread, as
the researchers documented the resilience and pervasiveness of the
misconceptions  Surprise and dismay were felt by audiences as they
heard reports of 20-60% correct on alarmingly simple problems.
Furthermore, there was an enchantment with the problems, as researchers
reported dismal percents, the audience was often 1ost 1n calculation and
problem solving, Intraspecting or their own tendencies to answer
arronecusly, and their care riot to fall victini to the enticement of the
"trap”

The wort was subject-matter specific, uet 1t was not entirely 1solated
from the classrcom setting It defined 8 territary which built from the
expertise of the classroom teacher, the 1dentification and anticipation of
errors 1t 8iso appealed {0 the mathematician and scientist, since the
miscenceptions often raised questions about fundamental concepts It
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confirmed what meny able teachers already suspected, that despite
adequate scores on achievement measures, many students held major
miscgnceptions about f ndement.. concepts 1n mathematics and science
At the start, misconceptions were defined empirically as docurented
failures of 1arge numbers of students to solve problems which apbeared to
be related to fundemental concepts Neither their structure nor the
etructure and choice of problems merited any substantive explanation
ThUS, SUrpris2, pervosiveness. resilience and devietion from the expecied
ONSWers Were the gerining charscteristics of the eerly work:

The early research ond the use of the ~limical interview led resesrchers to
respect and docu: .ent sti'gents’ beliers Put simply, researchers lesrned
to J1sten te students Lorgely as a result of such earhier psychologists as
Piaget {1970,1973) and Bruwnell(in Weaver and Kilpatrick, 1972) these
researchers sought to descbe how the concepts and tasks eppeored to the
students, rather than comparing the' anparent performance against a se?
of preconceivec ‘ategcries A velue was placed on the process of solving o
problem, n. ‘ustits sutcom.s As stated by E'wanger {1975)
f chmiaren develop their k:iowlcdge of mathermatics largely

through their own activity as they leern mathematics in a

particuler envirenment, then evealuation should be an

attempt to disco frora their point of view just what

they have learned and understoog. (p166)

In order to look at the 1deas -om the student's point of view, the
researchere chose to use flexible interview. and to study individuals or
small groups  What they discovered yras bluntly stated in an esriy1ssue
of Children’s Mathematical Behavior, wher=1n Davis (1975) wrote
The fact that wast wos MATHEMATICALLY necessary for the
solution of the equation
2 = 6

X 3x+1
Jiffered considersbly from what weas COGNITIVELY
necessary, and the deteils of how they differed. constitute
the main value of the 1S-minute interview for us, 1f not for
Henry (p 6-9)
Later 1n the paper, | w11l suggest that such a distinction between

"mathei~atical” anc "cognitive” needs refinement, however, 1t is
importar? to reshize that early work such as this contributed to the
reexamination and redefinition of what 1t means . be "mathematical” or
“scientific™ Philosophers of science were already engaged in work that
provded resources for such a reconceptualizatio;,

Davis and Ginsburg has collaborated on early work at Cornell Umversity
and within the same 1ssue of Children's Mather at1cel Behavior, &
contribution of Ginsburg {1977 s provides the introduction of another
theme of great sigmficance in misconceptions research. He wrote of the
young child as a “intuitive mathematician™ (p63), rejecting the “table
resa” view of the child, he suggested that "through spenteneous
n.eraction with the environment, he develop verious
techmaques-~perceptual skills, pstierns of thought, concepts, counting
methods--for coping with the quantitetive problems ™ (p64). i s book
{recently reprinted). Children's anthmetic (1977) he offers five
obseryations sbou! errors They are.
1. Errors results from organized strategiec and rules.
2 The faulty rules underiying errors have sensible origins
3 Too ofter cimidren see arithmetic as an activity 1solated
from their crdinary concerns
4 Chldren demonstrete o gap between informal end formal
knowledge
5. Children often possess ursuspected strengths {p 129)

Clement’s work {1982) perhaps was 1n my opinion the most exemplary of
the research on misconceptic «~ 1 the early phase Ir this work,
conducte 1 considerably earlier than 1ts publication date, Clement

admime .ered to 8 sample of 150 freshman engineers four word problems,
two of which required perticuler numericel results, two of which were
of the "students and protessor~" type and requared 8 general cquation
Their performance on writing <quetions for particuler prablems wes gver
mnety percent, cn the generalized equation problems, 1t fell to 63% and
27%, respectively for th2 two problems

Clement systematically dermonsirated the campuisian of the errors by
plscing 8 warning wath the protilerns, he comments on their appsrent



simplicity with the statement. "The date revea! a class of problems
which should be trivial for a scientifically literate person, but which are
solved incorrectly by large numbers of science oriented students ~ (p.17)
In other work on this same class of problems, he demonotrates the
pervesivenessof the ‘'misconception’ as sirler error patterns sre found
across different symbol systems: equotions, tables, word sentences and
pictures.

Clemen' also demonstrates a cheracteristic trend in this research when
he creates two explanations af the source of the errors a yrord-matching
strategu and e stutic companison strategy. He hypothesizes that these
cen be used to interpret the statements stu¢ nts make os they solve
thessz problems in think-aloud interviews He contrasts those approaches
tv an “operative approach” in which a student “views the equation as an
active operstion on a verisble quantity. "(p.21)

Nowhere in the paper does Clement define exphcitly the term
‘misconception’ He uses verious slternative phrases, "conceptusl
stumbling biock™ (p 29), “inconz1stent semi-autonomous schemes”,
‘cognitive srocesses responsible for errors in problem solving{p 16)
whose referent may be "misconceptions” but the relationship is never
exphcitly o. ered

In sum, the early phase of misconceptions research established certain
parameters _~4 chemes The dominant perspective wes that 1 learning
certein key concepts 1n the curriculum, students were transforming in an
active woy what was told to them, that those transformations often led
to serious misconceptions Misconceptions were documented to be
surprising, pervasiv=, resilient and th21r connections to language and to
Informal knowledge was proposed.

It should be noted that this research went beyond the simple collection
and documentation of errors Although no epistemological authunty was
conferred on the students’ methods, there was a sense that students
were acting sensibly and rationally in their activities, and that these
error patterns were appesaling and resilient At that time, they were
tlascified as mathematically or scientifically errent, but
psychologically compelhing

’y

Phase Two Tne Reservoir

Sc ace Education

Attempts toformalize ihe concept of ‘misconcettion” and te describe 1ts
structure, 1ts evolution and 1ts ties to other acts of cognitian are
characteristic of the second phase 1n misconceptions resesrch For
example, the operational definition offered by Hewkins, Apeiman,
Colton & Fiexner (1982) to describe a misconception-11ke phenomena
which he calls “ccnceptual barriers to learning” provides an outstanding
Mustration

" First, criticel barrers are conceptuw. abstaclas which
confine and 1nhibit scizntific understanding Second, they
are critical, and so differ from other conceptual
difficulties, because a) they involve preconceptions, which
the learmer retrieves from past experiences, that are
incompatible with scientific understanding, b) they are
widespread among adults as well as children, among the
academically able but scientifically neive as well as those
tess well educeted, ¢; they nvoive not simply difficulty in
acquiring scientific fact but in assimilated conceptusl
fromes for ordering and retrieving impartont facts, d) they
arenot narrow in their application but, shen cnce
surmounted, provide key to the comprehension of a range of
phenomena. To surmount 8 criticel berrier 1 not merely to
overcome one obstacle but to open up new pathways to
scientific understanding, e) Anotner hallmark of the class
15 thet when 8 distinct wreakthrough does occur, there 1s
often strong affect, a true joy in discovery {Section C1)

The defimition offers some distinct contributions to the development of
an understanding of  .sconceptions’. In the defimtion, Hawkins®
research team required that these ‘critical barriers’ be pervasive (acrose
8ge and educational e~perience), be influenced by preconceptions, have
8n Inlternsl structure, hee 8 frame whica saryes the purpose of ordering
and 1inaing .end be sigmficent <o that fe1ling to comprehend 1t will be
an ak:stec/e, confiming and Inhibiting learning Finally, he has expressed
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the affective release and exhileration which accompenies 1ts
breakthrough.

Sterting from this cheracter;zation of & critical barner. | will list and
conment hriefly on a set of themes which are representative of the
misconceptions research in science In reviewing these | will rely on the
reviews by Driver and Erickson,(1983), Driver and Easley (1978) , Gilbert
and wWatts(1983), the Proceedings of the Misconceptions Conference at
Cornell {Helm and Novak, 1983), and the book,C - Jmitive Structure and
Conceptual Change {West and Pines,1985). In subsequent sections, | will
discuss the perspectives on misconceptions 1n mathematics, computer
programming and statistics.

Freconceptians Researchers in science were often motivated to examine
students’ conceptions because 1t was believed that on understanding uf a
stugent’s prir knowledge determined the appropriate starting point for
instruction {Ausabel, 1968, Novak, 1977, Bruner,1960) As Hawkins et al
(1982) vrrote.

In contrast with studies which have the aim of “paying

attention to what student< don't know™ Qur purpoce 1s

alvrays, at least 1n principle, to find out conjecturally, and

mere firmly where possible, what students do know, and

tnen how this knowledge can be raised by them to the level

of consciousness--retnieved for their own use 1n further

learning. pC-3
The focus on preconceptions represented a basic rejection of a 7at/o
ress approach to lesrning The assurnption made was that students
connect few 1dess to existing idzas, end that the existing nnowledge
thus ser /es as both a filter and a catalyst to the acouisition of new
1deas Tounderetand what students will learn, one must first determine
v/het behefs they currentiy noid

Lonceptusl Structure A second theme stresses the structure of
relgtionships among concepte As described by Pines (1985) the
meaning of cogmtive structure 1<

“Lagntive meens “of the mind, having the power to know, recogr...e and

178

conceive, cencerning personally acquired knowledge,” so cognitive
structure concerns the individuel’s 1deas, meanings, concepts, cogritions
and so on Siruciure refers to the form, the arrangement of elements or
parts of anything, the manner or orgarization, the emphasis here 1s not
on the elements, although they are important to a structure, but on the
vray those elements are bound together ™ p.101

The rationale for attending to tms dimension varies from researcher to
reseaicher. For some, methods of creating conceptual maps, semantic
networks etc are important to provide a more holistic and relational
perspective on concepts {Novak, 1985, Pines, 1985) Others emphasize
the need to not only understand what is known, but to examine how it is
organized {West fensham and Garrad, 1985) Sti1} others emphasize an
instructicnel vasidity for the methods, finding them useful tools to
promote consideration of alternative organizations and to reveal
misconceptions (Champagne,Gurnisione Klopfer {(1985)

The question of iow knowledge 15 organized h== evolved both from the
Piagetian tradition of examimng basic oi yanizing structures such as
space, time, object permanence etc, and from the information precessing
communities with their concern for the limitations of memory They
argued that the sheer quantity of “information™ places & demand on
humans to organize knowledge (o manage, store and retreve it.

The confluence of these two traditions, P1agetian and information
processing, yield a somewhat confused language describing this work.
Information processing theorists often imply that we receive
“information” from external sources and to comprehend 1t, we 1mpose our
own structures of knowledge orgamzation Thus, we transform the
information to f1t within our existing structures Within such a
framework, msconceptions result from the inaccuracies between the
structures we create and the external world

In contrast, when the more P1agetian side of the tradition domina.es, one
finos *hat there 1s less need to speak as though the world sends out
"s1gna’s” and the concern 1S for how one negot” 1tes one’s own private
understandings with what one takes to be the meaning in public
utterances by others



The following two quotes with the spen of & few pages illustrates the
dubious combinations of language which compete within this tradition of
resedrch West et 81.(1885) wrote

1} " When we receive input through our senses, vre have 1o infer & great
deol from the input... [an example is given] In fact, the listener needs to
infer o great deal and this ability to infer depends upon information
stered in the listener's storege memory " (p.34)

2) The meaning of & concept for any person is part of his or her private
understanding. Yet different people use the seme concept 1abels. Hence
public knowledge propositions that contain concept 1abels mey seem {o
be precise.. v-hile the mesning that an individual infers from that
proposition depends upon the individual’'s privete understanding of the
cencepts.(p38)

Early work on cogmtive structure tended to be oper to the criticism of
implying desireble uniformity snd completion in representing particuler
concepts. However, in more curren. writings, the researchers
sensitivity to varigticns in meaning, from child to child, from context to
context 1s often explicitly mentioned For example, White (1955)
proposed nine dimensions of cogmtive structure (extent, pracision,
internal consistency, accord with reahity oi generally accepied truth,
vanety of typec of element, variety of topics, shape, ratio of internal to
external dlmenswns,’ovoilobilitg) which explained some of the variation
Pine expressed sini2iy as " these bundies of meaninyful relations we call
concepts are, on the one hand, capabie of change, and, on the other hand,
can never be acquired in any fin~listic fashion Any new relations will
effect, to some extent, the total fremework of relations “{(p110)

For Pines (1965), this allows en definition of & misconceptions within
conceptudi structures as viewed across time £nd circumst snce  He
wrote " certain conceptual relations that sre acquire moy be
nappropriate within e certain context Wwe term such relations as
“misconceptions™ A misconcention does not exist independently, out 1
contirgent upon & certein existing conceptusi fremework As conceptuel
frameworks change, whet was deemed @ misconception may no Jonger be
& misconception. conversely, what :s a central conceptusl relationship
in one framework may be & profound misconception within ancther
framework The mstory of science 1s replete with such exampies. (p110)
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Hawkins et a1 (1982) poses a particularly salient concern, posed in the
form of an apparent paradox suggests that in science as contrasted to
common sense knowledge "to understand any one concept, 8 node in the
network logically connecte to other nodes, it 1s necessary to understand
many others &s well Th:s legicel tightness of scientific 1deas, their
mutual interdependence, suggests immediately & paradox, they cannot be
learned, not 1n 15018tion from each other, not all at once, hence not at 8.
Such a paradoxical conclusion only states, 1n extreme form, the origin of
many of the student difficulties " (C16)

In summary, investigations of cogmitive structure led researchers to logk
ot the interrelationships among concepts and to examine the vays of
structuring, ordering and fitting together ¢ -epts In most of this
work, reszerchers are coreful to distinguish between the mesanings
students have f~r concepts and their verbal utterances The concept map
or semantic network 1s proposed as another source of evidence by whicw
researchers can consider what 1t 15 that students believe

Lopceplus] Chonge  An siternstive but complementary position to the
examination of cogmtive structure 1s a focus on under what cr.nditions
students will choose to modify, reject or extend their conceptions
Researchers % this tradition, often building frem the work of Toulmin on
the evolution of conceptusl systems, ergue that concepts are simiier to
theories and paradigms, the preconceptions will act as a filter for new
concepts, and the new concepts must nct only be shown to explain or
predict the phenomenon, but *hey must be regarded as providing an
acc2plable solution w*thin the current framework (Strike and Posner,
19F3, Confrey, 1960, Johanssen, Marton and Svensson, 1965)

forms] vs_informel Knowiedge The importence of examining not only
what 15 taught 11 schools and how 3t 1s taught can be demonstrated by
research which involves informal learming contexts Ginsburg (1977)
wrote specifically of the differences in Children's Arithmet,c,

One of the most sigmficant difficulties in children's

arithmetic 15 the gap between informal and formal

knowledge The phenomenon i1s widespread many children

pmd
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have trouble w:th written work but cen cope with the some
kind of problem 1 an informal manner (p180)

He reminds us 1n that prece of the importance of reducing the ap
between formal knowledge, “seen as a meaningless game~, and 1nformal
orithmetic which “has already proved of some utiiity “(181)

Champagne et al (1985) explicitly discuss s gap, specifying o
potential source of imprecisior 1n students’ Interpretation of
propositions. These include the pres nce ir informa! meanngs for
techmcol terms, errors in deterrining the scale of measurement (e1ther
as inappropriotely large or smali) ang os attempts to formulate general
rules from their experience with concepts such as motion.

The terms, informal/ formael, need to be analyzed into their components
and/or possible refere~ts To date, the following interpretations of the
Jistinctions seem plausible, and often their use does nct distinguish
among them

1 Formel refers to that which 1z taught 1n en orgamzed, structured
educational institution where certain constraints and conditions operate
that differ from outside life, informal 1s that which 1€ not taught 1n such
oninstitution.

2. Formal refers to a system of interrelated cefimtions and proofs,
experiments and arguments, informal refers to more tentative intutive
conjectures.

3. Formal ref.rs to written methocs, infurmal rafers to menta)
strategies

4 Formal refers to the abstraction of an procedure from its context,
where the procedure is specified and justified indeendently, informay
refers to routines which ere carried out mechanically hy habit or
tradition, to complete an activity required on o dolly i ysr3

5 Formel refers to knowledge one “accepts” as leqitimate because !t has
been demonst-ated by experts, informal refers to knowledge one hos
generated/leal ned through one's personal actions

The appeal of the formal/informal distinction 1n researching students’
vncept-ans 1s great, 1t captures en expression frequently u'tered by
student ;. where they draw a distinction between what 1¢
required/expected 1n school and what 1s required/expectec in darly hfe
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apart from school. However,1f one takes the frst definition. than any
¢ tinction ettributed to the forms) and informal cannot be altered by

institutionalized schooling. This is & conclusior most resesrchers would
be reluctant to draw

Sepse 0618 vs theory Science educators are particularly interested in
how students relate their sensorial experiences (o their formel theories
Often researchers will document the 1solation between these forms of
knowledne inother studies, 1t will be suggested that a misconception
resuits from the lack of 1somorphism between theoretical perspective
and sensory inputs which originate 1n the real world

For exemple, Driver and Erickson (1983) begen their article with a quote
from Einstein ang Infeld

Lerence is nat 6 callection a7 I6ws. & CE18l0gUe o 150is. 1!
IS 8 £reslion 01 *he humeon tind with i1s freely invented
idess ond concepts. Fuysicsi theories iry to form 6 picture
07 rediity ond Lo esteblish 'L: connections wits the wide
warld of sense umpressions (Einstemn snd infeld 1938)

A fundamental distinction can be made 1n science or 1n any field
between two gereral kinds of activities On the one hand there
1s the cataloguing of sense .mptcesiens, the experience of the
phenomena, on the sther, ‘here are our o'tempts as humane to
impose some reguiariiy on experierice by cresiing eur rrodels or
theoretical entities {p37)

As 8 result of the assumption of this dicnotomy, the suthors propcse the
foilowing defimtion of 8 “conceptual framework” "By the construct,
‘conceptual framework’, we shall m2an the menta) organizetion 1mposed
by the indivrdual on sencory inputs a¢ indiceted by regularities 1~ an
nd1vigual’s responses o a particular problem setting " (p39)

T passage captures one of the most inferesting 1ssues within the
‘misconceptions’ tradition in science the relationshp between
ontolegical claims {clairis about reality) and epmstemological claims
{cleimns about kriowledge) In the passage, the term zense impressions’
15 used 2754 1n the Einstein quote and then by the authors In the
defsmtien. they shift to the use of “sensory 1nputs’ inputs, a
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mechanical, computer-based metaphor, often con~ _.es that an external
world imposes certain signals on individuals; tt ore chaotic, and can
only be interpretable by the individual through the means of mentae!
organizetion Thus, it appeors that the authors differentiate sensory
inputs &3 originating externally and mental orgamzation's as personally
constructed.

If this is o correct cheracterization, then the autrors might conclude
that somehow one con assess the accuracy r¢ their mental
orgenizetions(interal) in12lation to thes. sensory inputs (external). The
os.2rtion thet one can assess the accuracy of an internal representation
in relation to an external stimulus has been criticized since the time of
the skeptics, for any such assessment would necesserily be another
internel act of compoar.son, and fail to overcome the interna’ ‘external
gop. ( von Glaserfeld, 1984) Another more obvious example of such a
distinction was stated by Fischer, Lipson and Ider (1983) wherein they
write, "we are more or less constantly engaged 1n assessing the
‘goodness of fit" between our mental models and the world ar yund
us.”(p.1)

The passoage from Erickson end Driver is ambiguous, and would also allow
on elternative interpretetion, wherein the relotionship of “sensory
impressions” and “conceptual frameworks™ would both be firmly placed
within th2 individuol { elbeit influenced by social and culturel forces).
Hence, impressions are not regarded as external signals, but internal
experiences of them Then the relationships, one wishes to evamine are
the interactions and relationships between perceptisns {orgamzed
frameworkes of sensations) an< 9ther conceptual tools, use of language,
symbols ond theories Thus, the issue of zatoiogy, whot 1s reality, 1s
minimized and the relationship ameng systems of rnowledge {of which
senscry impressions is simply one of many), 1s emphosized. FPines
(1985) seems to take this position wherein he wrote

Sensation--the reéw data from the sense organs--on 1ts own, without
perceptusl organizetion, is devoid of meaning Orgemzed
sensotion--namely, perception--enables the ewareness and mental
recording of objects and events In humar beings, such perception 1s
facilitoted by language--words or sentences, and ¢hus experience 15
-onceptually and propositionally punctuated into meaningful
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distinctions, relations, and complexes of such relations thet transform
“raw sensation” 1nto nerception (p103)

If one takes the positicn that knowledge consists of & coordinaticn of
nternal represent (ons, rather than as 8 more and more accurate
portroyal of “the way things really ere”. then one 1s left with ene further
1ssue 1n the definition offered by Driver and Easley. In1t, they refer to
conceptual frameworks os mental organizetion ... os indicated by
regulanities in an individual's responses o a particular problem srtting.
whet 1s left unanswered 1s the question “whose perczption of
regularities they are referring to?" If the answer 1s an observer's
perception of regularities, then a conceptual framework 1s rot
necessorily one's own ways of organizing experience, but another's inodel
of one's own If it refers to one’s own framework, then one 1< left
wondering if conceptual fremeworks cannot be invisible to the persor
operating within it How one answers the question of who the observer
is perhaps not as important as the recogmtion that 1n such 8 statement
‘regulerities in responses” is & hidden obiserver, and this 1ndividual needs
identification.

Nonetheless, 1n science, 1t 15 clear that one must give care.ul attention
to the role of “sense impressions™. Students often consider sensory
impressions as non-controversial, given, objective, dependable and the
bedrock on which theories are ynductively inferred The phrase "to moke
sense of 11" 1s evidence of the security provided to us by trenslating
more abstract phenomena 1nto sensory forms. The “chicken and the egg”
relationship between conceptusl framev-orks and the evidence selected
and recorded 15 a serious 1ssue which through this research 1t becomes
evident rust be included 1n our sciencs currcula

Language The role of 1anguage 1n the constiruction end maintenance of
misconceptions hos recelved considersbie ottention 1n msconceptions
research in science Some researchers have focused specifically on the
defining and 1abelling 1n relation to the structuring of the discipline In
this case, the naming of a significant zet of relationships 1s 1ndicative
of 1tz value within the discipline Pines described the important function
of 1anguage writing,” A word 15 11':e a conceptual handle, enabling one to
hold on to the concept and manipulate 1t “(p i 08)
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Other work has been devoted to describing the relt.1onships between the
use of scientific terms in deiiy use, such as force. energy, heat and the
precise defimtions of these terms within the discipline  This
relationship was expressed by Solomon (1983) in the foliowing excerpt

Meanings which are in daily use cannot be obliterated by science lessons
however convincingly presented Even when the concepts and theories of
science have been learned, the older meanings, and 1oose explications of
the Iife-world, will still linger on. This implies that our students v#11:
acquire, through their instruction 1n science, e second domain of
knowledge which 1s radically different from the first but coexis:e~t
with it. Under these circumstances we shall want to know 1f hey are
eware of these two competing sets of meanings and, mere importently,
how they decide which one to use during problem-solving exercises
(p129)

’

Within this tradition, 1t 1s frequently emphasized that the role of
language in the construction of understanding extends beyond labelling
and communication of propositional knowledge 1nto the social
construction of knowledge (Vygotsky,1978; Skemp, 1971) Described by
Wittgenstein as “language games”, there 1s an examination of the larger
cultural ana social context 1n which scientific meanings are established.
(Confrey, 1981, Head and Sutton, 1985)

Sutton (1980) cistinguished denotative meenings 1n science {rigorous
definitions) from connotative meanings in everyday experience { a
framework of associations and implications) He suggested that science
often proceeds by redefining and meking precise everyday terms and that
scientific terms ore also incorporated into a culture through metaphoric
extensions on their meanings Hewson (1985) provided an example of
such cultursl-scientific mingling 1n her study of the conceptions of heat
of the Sotho group

Analogy_More recently, researchers 1n science education have
concentrated not only on students’ formal ways of tackling difficult
problems, but on their use of powerful analogies and riodels in their
attempts to understend scientific conceptual systems (Gentner, 1980,

Rumelhart and Norton, 1980)  For example, Clement (1977) explored
the analogical relations which doctoral studeats and professors 1n |
technical fields invoked in trying to solve a problem concerning the i
stretch of a spring. He found that “spontaneous aneiogies heve been
observed to playa sigmficant role 1n the solutions of 8 number of
scientifically trained subjects “ (p 1) Inaddition to documenting the use

ot analogy, iie also explored the processes of generating and extending
analogies

H:storical Perspectives Often researchers 1n this tradition have studied
the nstorical developnent of a concept as - rich source for 1) describing
some of the potential misconceptions 2) for demonstrating at least one
developmental sequence which leads to the current concepts, and 3) as a
source for a veriety of problems which provoke consideration of
alternative frameworks {Clement, 1983, Lybeck, Stromdahl end Tullberg
1985, Lybeck, 1685 Marton, 1975

Research on the history of the cancept under consideration provides one
access to the milieu thet often assisted the personis) in the development
of the concept For example, Confrey (1980) examined the history of
celculus and suggested sever different conceptions of number which
were held She documenter that according to Boyer, 1t was the
combination of the outstanding problen 1n the sciences to describe
growth and change, the reimportation of slgebra from the Mideast and the
awkwardness of the theory of ratios which created a setting 1n which
the fundementel concepts of calculus were developed By examining the
history. 1t became apparent that most students were being introduced to
calculus without en understanding that the application of discrete
methods to continuous quantities 1ed to disturbing paradoxes

Without this, the students were baffled and resistant to the
complexities of limits

debated predoininantly 8meng these researchers 1)the emstemclogical
underpinnings of the subject area, 2} the epistemological bazis which
gundes students as they learn science, and 3) the epicterological basis
fart econduct of such research

Emstemology Three levels of epistemological questions have been '

1) This research 1a characterized by a rejection of an
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empiricist/posititivist traditions 1n which science 1s conceived of as
indur:tive generalizations on observations Building from current work 1n
the philosophy of science,( Lakatos,1970,1976 Teulmin, 1972 ), science
is cheracterized as theory-laden fram its observations to 1ts theories
ond its progress is explained 1n terms of meta-level considerations such
8s persimony, elegance, explanstory power, and 1ncreasing acceptance by
scientists. It 1s emphasized that the development of scientific 1deas
will not necessarily parallel the proof It suggests that educationally
the development of ideas may be a more fertile grounds for providing
educetional researchers 1nsight into learning. (See Strike and Posner,
1985, for an excellent discussion of empiricist commitments ) Much of
this work has been the basis for the deve'opment of constructivist
theories of knowledge in science, and such 8 reexamination of their own
conceptions of science and mathematics must proceed any examination
of st ident conceptiors

2) The imphications of "the chid as scientist” which result from such a
reconceptualization have been mghly endorsed with the commumty
(Osborne and Freyberg, 1985). Euilding from the work of the
constructivist, Kelly, Gilbert, watts and Osborne have promoted the view
that the way needs to be 1nvestigated 1s "children’s science” as opposed
to "adult science” The emphasis iere 15 on the hypothesis that a child
may not be "seeing” the same set of events as a teacher, researcher or
expert It suggests that many times, a child's response 1S labelled
erroneous too quickly and that 1f one were to imagine how the chmild s
making sense of the situation, then one wouid find the errors to be
reasoned and supportable

in more recent work, researchers have not only documented that students
are acting reasonably, but they have begun to describe the basis of their
epistemological belhefs In mathematics, Confrey (1960) arqued tnot
students see mathematics as external, unchanging and nun-controv.is:al
Schoenfeld (1965) suggested that students are ‘naive empincists and
that their formal procedures are often not enacted 10 problem solving
circumstances which require discovery rather than proof DiCessa
(1983,1985) hypothesized the existence of phenomenological primitives
which compete 1n problematic situations and c: eate 8 sigmficant
fragmentation in what students know

C . 89
In an article, "Constructivist Goggles. Implications for Teaching and

Learning™ (1985}, Pope outlines the implications of this work for
teaching and learming Many of the 1deas are compatible with & paper by
Confrey, (1983) 1n which the implications of constructivism for the
Schwab’s four commonplaces are discussed Both of these articles argue
thet the implications of giving students leeway to possess individually
valid intellectual spaces means that classrooms will be modified in
terms of conduct and evaluation.

Teaching students to consider these epistemological yssues has been
approached directly through such technques as the application of
Gowin's Vee (Gowin, 1983), as science educators struggle with the
question of how to overcome the oversimphfication of the "scientific
method.” In his work, he demonstrates the viability of using the
construction of a map of an event onto tyo comporents (hence the

vee) conceptual and methodological Together with the conceptual maps
of Novak, these taols provide some alternatives to the cominant modes of
evaiuation of learning that exiz! presently

3) The epistemological questions underlying the_conduct of such studies
has evolved from an emphasis on striving for norrnative portrayals to a
focus on 1d10grapmc studies (G1lbert and Watts, 1963, Driver and
Easley,1976) The case study developed through the use of the flexible
interview hoas dominated the research 1n this area As wnitten by Driver
and Easley (1978), an 1deographic vs & nomathetic approach are those,
“in which pupils’ conceptualizations are explored and analyzed on their
ow. terms without assessment against an externally defined system”
{p.63)

The epistemo’~gical questions rarsed by this research have promoted an
active exchange of 1deas What 15 perhaps most sigmficant 1s that the
research program on students’ conceptions hes 1tself represented an
epistemologicel shift on the part of the community What hed begun os
an examination of students’ behiefs led to 8 reexamination of the subject
matter, the evolution of the discipline. the conduct of the studies and the
conceptualization of the classroom a- a place 1n which knoyvledge 18
commumcated




Helscagnition Within this community some emphasis has been given to
the metacognitive elements of knowing These researchers have
expressed concern with not only what 8 student beleves, but with the
student’s awareness of that belief system Ceptured susinctly by Novak’
and Gowin's phrase,_Learning How to Learn (1984), the research in this

area often documents how difficuit it is for students to describe their
beliefs, their methods or their processes for solving problems. Whimbey
and Loc*head (1980) developed methods 1o increase studcnts’ awareness
of their own knowledge in their methods of paired-problem solving.
Other approaches include small group work ond the development of
written thaught protocols by students Confrey and Lipton (1984) erqued
that if students’ awareness of their own behefs and methods increase,
then many of the student difficulties would disappeer, allowing teachers
the opportunity to address the more resilient misconceptions rather than
the disturbing oversll level of poor engagement

Lulturel ard Saciol dimensians A smali segment of this hterature 1s
explicitly concerned with the cultural and social dimensions of
misconceptions As reported, hewson (1965) explored the conceptions
of heat of natives of Sotha and found interesting correlations between
their culturel and cogmtive behefs. 1n other cross-cultural work,
researchers have studied the use of arithmetic and measurement in
third-world workplaces and found significant discreparncies between the
formal and informal performances of the workers {(Lave, 1977,
Carraher,Carraher and Schliemann, 19§5)

More recently, some work has been undertaken 1n which the researchers
have examined the culture of the classroom ant' related 1ts structure to
the development and dominance of certein cogmtive traditions concerned
in particuler in its impact on ethnicity, gender and class (Confrey, 1964,
Cobb,1985) However, in general the research on misconceptions has
remained primarily cognitive, and has had a hirmted concern for cultual
and social dimensions

Summaery Inthe previous section, t have 1dentified the themes in the
research on msconceptions which have beer, examned 1n science
education The purpose of the summary 1s to introduce this set of
categories to mathematics educators 1n hopes that they will provide
encouragement for consideration of pareitel 1ssues
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Mathematics Education

in mathematics, the evolution of 8 misconceptions tradition has been
much slower Without 8 recognized role for sense-data, education in
mathematics lacks the interplay between the sense-data ¢nd theory
where misconceptions were first described Without 8 curriculum in
which phenomena and events ore explained, researchers were not
witness to inconsistencirs 1n mathematical and everyday reasoning. The
legal tender of mathematics classrooms was not laborstories and
demonstrations, but problems and exercises. As a result, the focus in
mathematics education research was on errors.

If one looks for @ misconceptions tradition in mathematics paretiel to
the one in science, 1t 1s difficult to find The 1ssues of preconceptions,
structure of concepts, informal and formal uses of language, analogy.
history, epistemology, metacogrition and social and cultural dimensione
of cognition show evidence of only 8 few dimensions, aithsugh a few
specific examples exist.

The Clement work described 1n phase one examined the transiatton
between mathemsticel symbols and applications, and 1n that sense, 1t did
creote the interpley described above However, 1n 1t, there 1s not 8
specific sigmficant concept which underhies the reseerch (although the
concept of ratio and variable could have acted 1n such 8 capacityif the
focus were chenged)  Little direct attentionis given to the language,
aithough o student of Clement, Rosmick {198 1)extended the work in this
direction focusing on the tendency for students to treat vanables as
“undifferentiated conglomerates’ Other work on these same problems by
Sims-" nght and Kaput(1983) built from this research exploring the
relations between imagistic and hingwistic representations They
conciuded, "This confirms that the difficuity lies 1n mepping from
neturel representotions to methematical ones ™ (p«4B0) in their
discussion they of fer one of the few explicit statements on
rmsconceptions (as they reject 1ts label as a misnomer) writing, “The
tendency to transiate "6 students™ to "6S™ 15 actually a naive theory that
students have legitimately developed through their previous expenences
n both the natursl quantitetive worid and 1n mathematics, which they
then generalize 1nappropriately to a new situation.”(p 486)
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Confrey {1980} 1n 8 study of entering calculds students’ concepts cf
number argued for the historical precedence for six distinguishable
conceptions of number, sets, ordinal, rat10, number lines,
non-terminoting decimals, and continuous number concepts a;d argued
that changes in students’ concepts from discrete o contiruous were
necessary to understand the concepts of calculus Within the study, she
examined two epistemological issues, o perspective on mathemetics
using conceptual change drawing from the work of Lakatos and Toulmin
ond 8n investigation into the conceptions of mathematics of the
students.

Vinner's work on functions (1983) can also be cast relatively easily
within the misconceptions tradition. He proposed that concepts have
both “images” and “definitions™ He suggested that the defimition and the
image mey be coordinated, be kept 1solated or be conflicting, and that
students failure to perform in consistent and insightful ways on & series
of problems on functions might be the result of conflicts and lack of
coordination between definitions and 1images In this work, he defines &
concept image as 8s the mental picture of a concept He wrote, “P's
mentol picture of C is the set of all pictures that have even been
associated with C 1n P's mind.” (p. 293) He added theat by picture, he
fneant to include any unusual representation of the concept, including
symbols.

Other work which focused on specinc concepts included Schwartzenburg
and Tall's work on calculus (1975-8), Vinner's and Cornu’s ‘w¥ork on imits
(Vinner, 1383, Cornu, 1983), Steffe, von Glaserfeld, Pichards, and
Cobb’s work on eorly number{1983), Vergnaud's work on multiphicative
structures (1983), Behr, Lesh Post and Silver's work on rationa!
number(1983), and Kitchner's(1985), Kieran (1960} and Matz's (1979)
work in algebrs Researchers who have emphasized the mstorical and
epistemological dimensions of the research inciude Papert (1960), ¥aput
(1979), Broussesu (1983) and Balacheff (1985) More recently with the
introduction of the journal, For the Learning of Mathematics, Whezler has
promoted considerable discussion 1n this ares

Not &1l ep1stemological examinations have been historically or
psychologically initiated Mathematicians such as Henderson: 1981),

P2’
Ne
4]

Davis and Hersh (1981) and Stoltzenburg( 1984} have called for
revisionary views of the disciphine of mathematics, wherein the bu:'ding
of methematics 1s given attention and wher= its tentative, evolving and
controversial qualities are displayed and celebrated. In @ more recent
article, Tyczemko (1986) has argued for exemining the way mathematics
act as a commumty to understend epistemotogical questions ano
suggested that one such pubhic occasion for study might be how
mathematicians educate their own imtiates.

Within the work on errors, mathematics educator. have the potential to
offer new 1nsights to science educators within the students conceptions
field The major of themes will be described 1n the next sections with
the provision of a mddle level perspective between the specificity of
the single concept work and the global character of the epistemological
beliefs. This perspective in mathematics education can be described as
the systematization of knowledge :nto & coherent and self-reinforcing
structure. it involves the students” strategies for establishing
procedures. for carrying out a!qorithms, and for working with symbolic
representations. As aresult, 1t represents a process-based research
that cuts across cancepts and can be used to predict errors in a variety
of arenas Its weskness 15 1n 1ts isolation for 1ts concepts, 1ts strength
is its generality.

Fracedurel vs Conceptus! Knovlegge A major 1ssue 1n mathematics
education research has been on the relationship between procedural for
algonthmic) and conceptual knowledge 1n mathematice  Skemp { 1680)
has contributed tte concept of instrumental and reiational krowledge to
the discussion. in which he suggested that instrumental knowledge
domnnates the classroom. Davis, Jockvsch and McKmight {1978) have
treated an elaborate information processing grammar to describe the
variety of processes reqaired 1n the construction of mathemstical
thought and 1n doing so, have examined 1n dete1! the kinds of procedural
structures one wouid have to develop to move fluently through eigebra
Although researchers bemoan the general tendency to overemphasize the
procedural 1n mothemoatics classroom, there 15 1ncreasing evidence that
such facihity must be gained through mampulation, computation or the
use of tools to allow students the freedom to consider the less
accessible conceptual 15s5ues
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Systemastic Errors In the widely-known work of Brown and Van Lehn (Van
iehn, 1980; 1983,) the terminology of slips, systematic errors and bugs
are introduced. In o8 1980 paper, Van Lehn offers definitions of each. A
slip is an” unintentional, cereless mistake in that & little extra cere
opperently makes them disappear “(p 6), a systematic error is “a testsble
prediction about whet new problems a student wili get wrong™ (p. 6) and
0 bug is defined as follows:

Once we look beyond what Z7nds of exercises the student
misses oand ieok ot the actusl answers given, we find in
many cases that these answers can be precisely predicted
by computing the answers to the given problems using a
arocedure which is 8 smell perturbation in the fine
structure of the correct procedure. Such perturbations
serve as o precise description of the errors. We call them
“bugs™{p7)

In this same articie, Van Lehn continues to explain how the
bugs ore used within a 1arger framework which he calls "Repair
Theory™ Yan Lehn wrote;

Repair Theory is based on the incight that when & student
gets stuck while executing his possibly incomplete
subtraction procedure, he 1s unlikely to just quit as @
computer does when it can't execute the next stepina
procedure {nsteed the student will do 8 sinall amount of
problem solving, just enough to get “unstuck™ and compiete
the subtraction problem. The loca! aroblem solving
strotegies are colled 'repairs” despite the fact that they
rorely succeed 1n rectifying the broken procedure.. . they
result in 8 buggy progrem (p9)

The insight that 1n human beings, as opposed to computers, /42
Aregrem rins despite bugs 1s a sigmficant and often
overiosked 1ssue in rmsconcepticns work. The point is that the
misconceptions can cause certain conceptual barriers in the
lesrning of the concept, however, failure to work through these
barriers does not necessarily resuit in termination of the
ottempt to reach a goal The student will simply turn
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elsewhere in an effort to complete the task

However, 11 1s 81s0 essential to stress that the work to date on
Buggy 15 not representative of misconceptions research It 1s
strictly at the procedural level, and as such, 1t fails to address
some of the epistemological, langusge ond structurel questions
raised within that traditi*on It is not about students’
conceptions, only about the ioutines they use in attempting to
complete arithmetical exercises Were the researchers {o
embed these classes of problems into word problems, or to
explore the underlying concepts such as place value, the
conceptions of students would become an obvious factor. This
criticism will come 8s no surprise for the researchers, for they
are candid 1n their reasons for selecting .nuitidigit subtraction.

The initial task chosen for investigation is ordinary
multidigit subtraction. Its main adventage, from o
psycholcgical point of view is that it 1s & virtually
meaningless procedure. Most elementary school students
have only a dim conceptions of the underlying semantics of
subtraction, which are rooted in the base ten
representetien of numbers. when compered to the
procedures they use to operate vending machines or play
gomes, subtraction is 8s dry, formel and disconnected from
everyday interests as the nonzense syllables used 1n early
psychological investigations werc from real words This
1solation is the bane of teachers but & boon te the
psychologist 1t allows one to siudy a skill without
bringing in a world's worth of associations.(p231)

In research with college students, Confrey and Lipton { 1985)
found that students” performance on relatively simple problerrs
designed to elicit misconceptions could not be rehably tied to
those misconceptions They reported
..we thought of misconceptions as a system of belefs
which formed a relatively stable and internally consistent
cogmtive system We expected misconceptions to be
concept-specific and able to be analyzed into prerequisite
skills, defimtions, representations, related concepts and
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the use of 1anguage Furthermore, we expected students to
be highly confident of their answers and committed to
them. Our deta showed that students often apphied
repetitive and predicteble faulty strategies, but these
lacked the compelling nature or internal consistency of
misconceptions. This suge=~3sted the more elementary
notion of systematic errors Systematic errors include the
systematic {and 1nappropriate) application of famher
fragments of arguments, algorithms and defimtions
without any attempt to integroate across representationsl
systems They ere common across students, and permit
eccurate nredictions of what answers students will give to
o set of well-defined problems {(p 40)
The relationship and distinctions between systematic errors and
misconceptions seems to be key in the pursuit of this work in
methematics education Wirthout a theoreticel base which
relates procedurel and conceptual knowledge in & way which
legitimizes both, no resoluticn 1o these 1ssues seems possible

Frémes . Recent work by Davis { 1980) on the concept of frames

seems 1o provide one attempts to bridge the kind of systematic

errors work with the work on misconceptions in ms paper, he

distinguishes two kinds of mathematical 1deas "~ thought

processes that are essentially sequential and consist of ‘more

primitive’ steps” (p169) and frames. "a specific

information-representation structure that a person can bnid up

In ms or her memory and can subseguently retrieve from

memory when 1t 15 needed "{p170) After giving some exampies

of frames which include the Euggy work, the work of Matz in

olgebre and the Clement-Lochhead-Rosmck work. he offers a set

of cheractenczetions of frame: These ore

1 They serve as "aszimilation schemas for orgamzing nput
date

ZTheir inner workings are revealed by the errors they produce

3 They were “correct™ 1n 8 more limited s tiing

4 They demand certain input information and will not function
correctiy uniess all of this input information 1< provided

5 They are per=iztent

& Their creation and operation follows orderly rules
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7. Their retrievel may be cued by brief, explicit, specific cues
8 For successful problem solvers much information 1s not
conteinred In the problem statement

There 1s a reasonable amount of similarity between the concept
of fremes ond the concept of micconceptions, enough to suggest
that this work, although 1t's relations to a conceptual basis are
lacking, begins to postulste something more systemic thon o
bug, but which has a place for prscedural competence.

Lonstructive Frocesses 6nd MHethemstics! At ties In the
Confrey and Lipton {1985) work, a call was made for the
consideration of "constructive processes™ in misconception
research Inthis paper, the researchers reported that students
with systematic errors aiso lacked confidence, did not
reformulate the problem, had difficulty describing their
methods and focused heavily on the answer rother than the
process Generally, the successful students engaged 1n another
constructive activity when azked to review their solutions The
less successful students routinely reported their methods
Working with the abihities of Krutetskii (1976), these
rasearchers are pursuing the ability to discern the
mathematical structure in a problem, the abihity to reverse,
curteil. generslize and the flexibihity te wwark with muitiple
methods as the type of constructive processes they would
expect to see with students who could successfully work
througt. the lure and appeal of the probiems designed to ehicit
misconceptions
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Programming Misconceptions

Next to mathematics and science, studies of novices learning to
program use the language of the misconceptions paradigm.
Within this tradition, there are three emphases which seem
particularily useful in reconceptualizing misconceptjons
research.
They are:
1. an emphasis on planinng as an anticipatory act,
2. an examination of the activity of debugging, as a
check and feedback mechanism, and
3. aconstant appraisal of the adequacy of the computer
language itself as arepresentational
system for human cognition.

An example of such work is offered by Bonar and Soloway
(1982, '985), Erlich,Soloway and Abbott (1982), Solway, Bonar
and Ehrlicn, (1983), Soloway, Ehrlich, Bonar and Greenspan
(1982) and Soloway, Lochhead, Clement, (1985) who have
examined novices errors in learning to program in Pascal. in
their earlier research, the authors were focused on bugs and
buggy procedurcs. Like the researchers in science education,
they believed that errors were illuminating and wrote: "bugs and
errors flluniate what a novice is actually thinking--providing us
2 window on the difficulties as they are experienced by the
novice.”

One the issues reported in this study is that the students tend to
bring to programming knowledge of their "natural language” (i.e.
their first 1anguage) which could interfere with the defintion of
the terms in the programming language such as "WHILE".
interestingly enough, since programming languages have
developed relatively recently and new ones are constantly under
invention, the authors recognize a constant potential for revision
of the programming languages itself. This is in sharp contrast
to mathematics, where revision of the language in response to
user difficulty is unlikely, especially when the users are
students. Such a freedom to reconceptualize the language itself
provides an interesting chalienge to mathematics a1d science
researcners: it suggests they might consider altering the formal
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representational systems, which is exactly what is happening in
the development of software in mathematics 2ducation.

Finally, because there is a human- machine interaction, i.e. a
program can be planned, written, run and debugged over time, the
progamming researchers have devcted considerable attention to
the problem sclving process. Perkins, Hancock, Hobbs, Martin and
Simmons {1985) studied high school students learning BASIC.
They expected to call students’ attention to the high level
problem solving strategies required for managing the task.
Instead they found specific management strategies in place
which interferred, just as the preconceptions interfere in the
correct performance on misconceptions tasks. They wrote: “far
from being haphazard and unpatterned, many students’
management of the task showed strong patterns that interfere
both with the immediate programming problem and with
learning.” (p.6). These patterns included disengagement from the
task at the first sign of trouble, neglecting to track closely by
following their own code, repairing haphazardly rather than
systematically and experiencing difficulty breaking the problem
down into components

The reserchers at Yale, Soloway and colleagues (1985), have
shown their intention to pursue probiem s0lving as well by
extending bevond patching strategies for oug generation into an
attempt to butld a * process mode/ of novice program generatjon.
Through this, the authors hope to begin to explain w/y the
students make bugs. Aithough the work is only begining, the
authors offer an enticing statement of their expectations,
“instead of a single representation system and a powerful
inference method, numerous fragmented representations of
knowledge and many weak problem solving strategies may be
required.” (p1).

Phase 3. Dredging and Channelling
The final section of the paper is devoted to exploring

directic.s in which the research on students’ conceptions might
proceed. These directions will be drawn largely from the
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themes which emarged from the prior sections, and from the
suggestion that a cross-fertilization across the subject
matters would prove desirable and worthwhile.

A second influence on this final section of the paper is the
theory of constructivism ( Confrey,(1283); von
Glaserfeld,(1984), Steffe et a1.1983), Cobb, (1985)).
Elsewhere, constructivists have argued that the teaching of
subject matter is not the trznsmission of information about
‘the way things really are’, but that teaching is the
communication and development of know ledge that humans find
useful and functional in making sense of experience and solving
problems. If this nosition is accepted, then misconceptions are
not the result incorrect portrayals of the way things are, they
are not failed pictures of the world.

if one rejects the fdea that misconceptions result from an
incorrect picture of reality, then the question is left, wha! are
misconceptions? In the previous sections, | have suggested
that the research on students rmis~onceptions has been
successful in defining a variety of che important issues on
misconceptions: different symbol systems (including ianguage
and analogy), interactions between observations and theories,
historical precedence, epistemological beliefs, metacognitive
awareness and the social construction of knowledge. | have
suggested that the research in mathematics and computer
programming has added to this the issues of systematic errors,
frames, planning, debugging and the adaptive continuity keeping
going. [n the following sections, I will use these valuable
insights to redefi-» the conception of misconceptions under a
constructivist perspective and suggest a variety of themes
which might merit further investigatinn.

A most important issue for a constructivist is the reject.on of
knowledge of an external world; for a constructivist, we are
captives of our constructions, yet by modelling and
theory-building we develop effective ways of functioning
effectively in the world. Arelativistic and solipsistic position
Is avoided by two forms of activity: self-reflection and
communication with others. Through these two activities, we
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construct and coordinate a compiex system of knowledge, and
we evaluate it by reflection on its power to explain our actions
and the actions of others.

Thus, a constructivist 15 bouiid to re ject the external-internal
conflict as an adequate source of misconceptions; s/he would
therefore revise both the definition of alternative framewarks
quoted earlfer by Driver and Erickson (1983) and such a
statement as the one by Davis (1980) quoted below eliminat.ng
any appeal to an external reality to adjudicate among
knowledge structures.

“The main methed is to show that certain human
performances hat seem. at first sight, as surprising

or paradoxical actually become reasonable (or even
predictable) when one assumes certain attributes of

frames, assumes the  istence of certain specific

frames and applies systematic rules of information
processing. This kind of analysis usually works best

when applied to wrong answers, or to information

processing that has malfunctioned. There is no

mystery in this. When people agree on a correct

answer, many explanations are possiole, hased

primarily on external reality, but when people agre¢ in

giving an answer that is wrong, or even grotesque,
explanations must deal not only with the external

real..y that fails to support such an answer, hut with

the specific internal information processing that

somehow produced it.p.170)

A radical conctructivist would dismiss the appeal to .. external
reality, though s. he would readily support Davis's intent. If one
wants to know more about knowledge, Davis seems to argue, ask
the people who claim to know and the student who is coming to
know. These are the sources for determining what is know ledge,
not the external world.

The constructivist is committed to the claim that knowledge is
both tentative and faliible in relation to its level of
funztionality, situations and contexts change, hence the viability
of inow _dge changes (von Glaserfeld, 1944). Always, knowledge
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Is stient in relation to " the way things really are”. Thus,the
aiternative for the constructivist s to express clearly that all
forms of human know ledge are our personal constructions and
that the question at hand is how does one coorcinate, rank or
reject and modify these constructs.

Thus, the constructivist does not support the claim that all
knowledge Is equally valid, certain, stable or supportable. Some
know ledge claims are central and relatively stabie (though not
permanent) and others can be sacrificed rather easily. For the
constructivist, a misconception is identified when a reiatively
stable and functional set of belfefs heid by an individual comes
into conflict with an aiternative position held by the community
of scholars, experts, and teachers as a whole. A misconception
occurs when there is evidence in what a student says or does
that the Individual finds the stable belief system more
attractive and functional than the aiternative view which is
offered. Thus, to understand a students’ misconception,
erroroneous only from the perspective of the more initiated, one
needs to understand its context, its scope, structur. and
functionality from the perspective of the student. Thus, the
deciston on the part of some researchers to use the term,
alternative cunceptions, is based on their desire to offer validity
to the students’ framework from the students’ perspective.

The Observer is You: Two impiications of renaming

‘misconceptions’, ‘alternative conceptions’ need consideration.
The first is a claim that an essential commitment must be held
by the interviewer to attempt to model the student, so that when
a student gives an answer which appears to deviate from the
widely-agreed upon notions, it will not be rejected out-of-hand,
but explored as a crucial research event. Through these
explorations, the interviewer creates a model of how the student
might be operating. This process is, in a sense, giving an
epistemological validity to the students’ construction; a validity
which seeks to define its frame of reference,the bounds of the
context, and its {nternal consistency.

However, | belfeve that a distinction must be maintained
epistemologically between the personal validity of a construct
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and the public approoval which has been granted to it. Itisa
grave mistake to grant a students’ work the same
epistemological status as its granted to a conception supported
by working mathematicfans and scientists., justasitisa
mistake to rule out of hand that such status might uitimately be
conferred. Students are very clever when you learn to listen to
them, but the ideas are often rough and underdeveloped.

Thus, the term misconceptions can be misleading in that it
connotes a negative interpretation of error, when the only error
might be a limited frame of reference beyond which the student
has no experience. Alternatively, alternate conceptions
frequently connotes a kind of relativism which is unsatisfying in
that it seems to ignore the legitimate authority of the
disciplinary experts. Thus, it seems that there exists a frame of
reference question, in which one needs to reposition the role of
the observer.

The observer, be it researcher or teacher, is the one who is
evaluating whether a students’ responses indicate agreement
with the community of experts. It is from the perspective of the
observer, that a students’ conception might be 1abelled a
misconception oi a limited conception. Research results which
seek to remove or hide the role of the interviewer reinforce such
confusion. We need to reinsert the observer into the pattern of
communication, stressing that it is from his or her perspective
that a response seems deviant. Thus, by specifying the
perspective and the frame of reference, one can describe one's
madel of a students’ active system of belfefs.

Ihe Role of the Discrepancy:It is perhaps useful to remind

ourselves that discrepancy plays a key role in communication.
Watzlawick(1976) and others have documen*ed that
conversation, of v ™~ an interview Is one form, often continues
on the assumption of shared understanding. When an exchange
becomes problematic suddenly, it can turn out that the
assumption of shared understanding was fn error. Interviews are
largely dependent on these occurences to assist in model
buflding Often we can find ourselves more certain about those
interuptions than about the unscrutinizec exchanges Thus, our
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picture of a communicatfon fs often created first through the

shading, and the form emerges. If this is so for the interview,
ther: the discrepant result holds a position of influence in our

work which needs to be considered.

Autonomy and Engagement. Another fundamental issue in the

redef inition of this research {s the emphasis on the autonomy of
the student. Numerous studies have documented the tendency,
often endor<sed and exacerbated by schooling, of students to give
up their authority and responsibility for their own learning. In
such situatfons, the search for students’ conceptions (limited or
alternative) will be lost in the flood of fragments of rules,
procedures, 23sertions, shifts in opinions and general lack of
engagement. Documenting these weak and fragmented pieces of
memorized and performed routines will not assist one in
understanding how concepts are formed, though they may be
essential to understanding schooling as it now exists Asa
result, researchers must create circumstances in which the
student is engaged, does trust the interviewer and is engaged in
learning the concept, or perhaps reject the assumptions that
robust conceptions are primarily responsible for poor
performance. One suc:y sption is to conduct teaching experiments
or teaching interviews in which the student works with the
interviewer over significant periods of time on the concept at
hand.

Mathematics Evolved from Actions

Thus, for a constructivist, all the mental material of
constructions. from the relatively stable and agreed upon content
of an observation as a single event located in space and time to
the abstractness of a theory or a symbol system, is the result of
human activity. It fsbuilt from our previous experiences and
serves an important purpose in ordering and allowing for
prediction of future events. In a person’'s experience,
consiructions have been created to meet personal demands and
needs and they are maintained if they function successfully. An
essentiai part of maintaining a construct is assessing how well
it allows us to communicate to others, so that constrJction is

o X
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not a solitary affair.

This idea suggests that mathematics is not fsolated from
humanity, and that it is essentially abstracted, not from things,
but from actions. As was pointed out by philosophers of
mathematics, the threeness 1i- three apples !s not a property like
their redness. It 1s not a property of the apples at all. It is the
repeated action of pointing and naming known as counting which
establishes the threeness. Human activities, ordering, counting,
comparing, sharing, transforming, sorting and relating are the
basis for the development of mathematical ideas. As Hermaine
Sinclair(1987) explained.
The children pull 1ittle bits of cottonwool from a big ball until it
is reduced to manu tiny flecks. They carefull observe the way
the cottonwool stretches and then breaks. Then they make them
stick together again; and start all over. ... it does not seem too
audacious to see in these activities the very beginnings of
counting and measuring. (p34.)

However, an action is not a piece of mathematics. A repeated,
intentional action, a pattern of activity, a routine begins to
form the basis of the construction of mathematics. When that
action becomes abstracted, when it can be described and
separated from the objects on which it is conducted, it begins
to be mathematical. when the mathematics can be reflected
upon and described, it can then become itself a type of object: a
mathematical object, timeless and spaceless in that it isa
potential actfon, a possibility. But it isan object in that it has
an agreed-upon name, a function and by "objectifying " it
(Confrey, 1985) it can be scrutinized i~ itself. Von Forester
(1984) in Qbserving Systems wrote, “objects and events are nrot
primitive experiences. Objects and events are representations
of relations."(p261)

For example, the concept of slope in mathematics requires that
one compare two distances, the change n the ordinate and the
change in the abscissa. Althougn we speak :n mathematics of
slope as a conceptual object, it is only an object in that it fs a
codified action, that of constructing measures, comparing those
measures to create a measure of change and then dividing those
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Changes to create aratio and ‘nterpreting it through a system of
ratios. In mathematics, each concept can be described as such
an action on other concepts.

Working from the abilities proposed by Krutetskif (1986), |
would propose that a set of constructive processes be developed
which were on a continuum from actiors te produce procedures
and skills consistently to actions which will promote
conceptual development. Briefly, | would propose that skills
such as pattern recognition, curtailment and reversibility are
reguired for the formation of the procedures, and that
generalization, identification of variables, abstraction,
particularization, flexibility and elegance represent some of the
construccive processes for conceptual development.

How does this conception of the relationship of acting and
knowing relate to the second phase of students’ conceptions
research? It suggests that the relationship between experience
and formal knowledge is artificially broad. | suggests that the
roots of concepts which lie in human activity need to be drawn
more explicitly, and to do so would lessen the separation
between formal and informal knowledge. tnformal knowledge is
often embedded in action, formal knowledge is often abstracted
from it. It suggests that this is the case for mathematics as it
is for science due in part to an emphasis on the functionality of
concepts.

It furtt °r suggests that cultural influences on the development
of concepts from activity would be expected in different
settings, contexts and cultures. A child's activity, labelled
"play” differs qualitatively from adults. Their mathematics
might vary similarly. Across cultures as well you would expect
differences in forms of human activity and their mathemat ics
might evolve differently as well Finally, it suggests that the
simflarity of the knowledge might evolve from the similarity of
basic human needs.

Coordination of Multiple Representations

If single actions and reflections on those actions constituted the

entire picture, mathematics would be limited indeed, and the
exquisite structures and complexities of mathematical and
scientific knowledge would not have evolved. If knowledge is not
an increasingly better picture of the world, one might ask fror
where the impetus for progress in science and mathematics
comes. Part of that impetus comes from the activity of
coordinating these reflective ahstractions of actions, which |
will call representations. A representation will not refer to that
which represents the way things really are. Arepresentation will
mean a system of operating which involves a set of codified,
objectified actions, and a ianguage or symbo! system for
communicating about them.

Much of what evolves into knowledge then involves coordinating
and moving among representations. For instance, if one
investigates the concept of function, one needs to examine how
students can use the muitiple representations of tables, graphs
and equations to solve problems. This coordination of systems {s
what promotes the stability of mathematics, for in the absence of
an appeal to reality, convergence among systems of
representation functions effectively.

Thus, | will suggest that in the third phase of students’
conceptions research, the issue {s one of how students coordinate
their representations and how they choose among them in
competing circumstances. Vinner's work on concept images fell
into this category. Inarecent paper, Vinner and Davis ( 1985)
suggest that “..partially equivalent terms to ‘concept images’ are
‘frames’ by Davis (1984) and ‘students’ alternative frameworks' by
Driver and Easley (1978)."(p.2). Dicessa,{1979) anticipated this
emphasis on multiple representations in his 1978 paper in
Cognitive Process Instruciion. Recently, the work of Schwartz
(1987) and Kaput(1987) and Thompson and Thompson, (1987) in
designing software to coordinate the use of the algebraic and
graphical representations seems to recognize the importance of
this fdea. Schuster’s research on students' difficulties with
various representatfons, graphs, tables, diagrams, etc. shows the
promise in this area. The work of Confrey and colleagues (1987)
at Cornell University teaching precalculus students to move
flexibly among multiple representations represents this
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perspective as well.

Connecting this idea with the research in the second phrase
proves useful as well. This suggests that another source for
limited or alternative conceptions is in the interplay between
representational systems. Language is a key representational
system, its place in our educational system is as the glue which
Joins other systems, through it is itself a system. Thus, the
emphasis on the meaning of words across systems, natural
language systems and formal systems (mathematical, progamming
etc.) is a likely source of tension and insight. The work done on
the structure of conceptual systems will need expansion as each
concept can itself be modelled as a system, an embeddedness that
needs no escape. Finally, it suggests that the decision making
process of deciphering which representational system to use,
when to abancon it, how to coordinate convergence findings, how
to resolve conflicting ones, will give rise to the very
epistemological issues raised in the prior sections.

‘3sing: A area which has been inadequately
addressed in the second phrase of research {s the question: what
is a problem? in a talk onproblem solving, | suggested a problem
is a "roadblock to where you want to be.” Researchers on
studerts’ conceptions have been brillant at writing interesting
problems, little analysis or description of the role of the
problems in research has been forthcoming. in mathematics, it is
clear that the problem plays to key role both in the evolution of
the discipline and in the conduct of c!=ssrooms,

Researchers rely on problems .0 create the impetus for the
interview; they target problem difficulty to challenge students
without frustrating them into inaction, they embed problems with
the possibility of muitiple pursuits and they attempt to evoke the
errors or misconceptions they seek to examine,

Since much of human's activity of "noticing” begins when there is
aperturbation in the otherwise constant flow of stimulation
(vonForester, 1984) one might consider if the problem acts as
such a perturbation in cognitive activity. Successfully creating a
perturbation, a sense in a student that here is something to work
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on, to attempt to resolve or make sense of, seems to be a key act
in the research on students’ conception ard in education more
generally.

A distinction needs to be drawn paraliel to the distinction about
the assessment of the conception. Just as a conception needs
specification of perspective, so does the problem. what is
written on the paper may he called the problem, but to assume
that a student {s working on the same issue as a researcher or
teacher has been shown repeatedly to be unsupportable, To
distinguish, the word prob/ematic can be used to refer to the
students’ meaning and the word prod/em can refer to the
particular public form, written, verbal utterances, experimental,
of the problem. Often the problematic the student undertakes has
little academic substance; it may be "how do | finish this
problem and get outside™? or "what fs it that it desfred by the
book, researcher or teacher?”

Cycles of Expectation and Reconstruction

A final piece of the puzzie comes from the insight of Brown and
van Lehn, that the program continues to run in human beings,
where it often halts on a computer. This suggests that there is a
cyclic quality to human problem solving, and strategy which
allows continuation and resists stoppage. This insight, combined
with the pervasive influence of Polya on problem solving leads
me to suggest a model for the construction of concepts.

I suggest that a student begins with a problematic, their
interpretation of a problem. Since a problematic involves a
desire tc resolve it or to bypass the roadbiock, it creates a
"situation for action” (Brousseau, 1983) When the individual acts
to solve the problem, s/he may draw upon existing knowledge,
representations and experience; before these actions can be
accorded the label of knowledge they must be are organized by us
through the use of representational systems which allow us to
reflect on our ideas and to communicate with others. Our
actions become “ohjectified” through the use of these systems
and through their coordinations, Such activity is useful and
essential in forming concepts and in routinizing and automatizing
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procedures.

Part of the function of the activity of reflection is to judge if the
problemmatic has been resolved. It is unlikely that any
significant insight will be gained by a single action or reflect fon.
The model has been used to analyze interview transcripts,
(Confrev, 1987), the resolution of interesting problems typically
took a number of passes.

The cycle below serves to capture this cyclic activity:

" The Problematic

Action and the
Reflection Coordination of

Representations

hizati

Given this cyclic model, | wish to make the fundamental claim of
the paper, a limited student conception does not require the
postulation of a inadequatc “picture” of the world; it does
require that a set of beliefs hasve been developed which
allowthe student to establish a problematic, act on it to
attempt to solve the problematic and to reflect back on the
action and coordination of representations to create a new
object/tool for future activity because of their success in
resolving the problematic. When that set of beliefs appears
discrepant from those.which are widely held, and when the
interviewer or teacher can specify the boundaries of the context
in which they are functionzl, then the student has a limited
conception from the perspective of the expert.

Possible sources for the limited conceptions include. an
artifically distinct separation of concepts from actions, a
conflict between systems of representations or a set of
epistemological beliefs which overemphasize the claim that
knowledge fs absolute, unchanging and external to human beings.

In research on students’ conceptions, this claim suggests that in

ERIC 24y

IToxt Provided by ERI

future research,

1. contexts must be created where students are encot~aged to
engage with the concept at a deep level, perhaps through teaching
experiments,

2 therole of interviewer as modeller and interventionist must
be considered in the conduct, analysfs and presentation of
resuits;

3. an attempt must be made to create problems which produce
substantively defined problematics for the interviewee and the
interviewer must spend considerable effort gaining evidence of
the students’ problematics,

4. interviewers must encourage student autonomy;

S. as the student acts, interviewers must seek alternative
systems of representation to which the student appeals and
consider their functioning, their relative importance and thefr
places of conflict:

6. a significant portion of the interview might be devoted to
reflecting back on what the student perceives has occurred.

These suggestions are of fered in addition to the ideas suggested
in phase two, nou 3s substitutes. The attention to language, the
consideration of cross-cuitural, or within cultural, cross-gender
differences, the historical analysis, the structural relations all
complement thess ‘urther pieces of advice. Students'
conceptions resez.'ch has proven itself to be a heaithy and
provocative tradition of research with a future which promises
to be encouraging.
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THE COMPUILR IN CREATIVE MATHEMATICS

Madeleine F, Coutant, Ed.D.
American Association for Gifted Children
Laurens, New York

Dougias Parsons, . $,
Mathematics and Computer Science
Oneonia High School
Oneontae, New York.

As educuticn has expanded to include all the childrorn,
it has concentrated on basic knowledge needed by all peopie
and, inevitably, the special interests and abilities of
gifted and talented children were not served. This pro-
ject, "The Computer in Creative Mathematics," is one of many
attemrpts made by many people through many years to provide
a more equitable curriculum.

We plan a longitudinal experiment of at least five
years. We have completed three trials: 10 weeks in each
year, 1985, 1986, 1987, with a different group of students
each year.

Underlying the project are a number of beliefs and
assumptions related to the education of the ¢ fted and
talented. As we designed this project we have tried to
implement these beliefs for the purpose of challenging and
encouraging our youth.

We believe:

* Many potential talents lie dormant, unsuspected and
undeveloped in many peoplej the human brain is being
only partially used.

* Giftedness is often highly specialized; a person gifted
in poetry may not be gifted in mathematics, a gifted
mathematician may not be a gifted artist.

* Tn locate gifted persons, we must cast our nets widely
in unlikely as well as likely places - a democratic
Principle which gains the support of the public.

* Students gifted in mathem:lics thinking can grasp
meanings and concepts and can create new ones.

€73

* The persons most likely to detect giftedness and to pro-
vide for its developmment are the masters in each fieid.
In this project, mathematics teachers, very familiar with
all their students, selected those students able to con-
ceptualize and likely to be creative.

* Appropriate opportunities must be provided to allow
talents to come to the surface.

* The computer and LOGO are among the provisions that can
assist mathematical thinking because they allow rapid
calculation and great flexibility in thought.

The importance of pre-college preparation for careers in

science and engineering is just beginning to be appreciated.
The present need of the country for technical personnel has
brought it to our attention. The Japanese have excelled in
transforming our ideas and our designs into useful products
because of our relative weakness in engineering. Erick
Block, Director of the National Science Founda*ion,
expressed this concern in the February 6, 1987, issue of
Science (p. 621) when he includes "better pre-college
preparation" among "the approaches we need to employ."

This current project, The Computer in Creative
Mathematics, represents an educational strategy which may
prove valuable in pre-college preparation. The objective of
this project is to determine if students, when provided with
a special "liberating" learning environment, can leave "the
beaten paths" of the traditional branches of mathematics and
discover lines of thought that they have not been taught.
The first need was to develop a theoretical framework for an
instructional process that would nurture creativity.
PIAGETIAN LEARNING

The educational philosophy underlying this project is
largely that of Jean Piaget, renowned child psychologist,
International Center for Genetic Epistemology, University of
Geneva, Geneva, Switzerland.
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08 He studied how children think. He found that they

learn by doing and thinking about what they do. He
discovered that intellectual development does not always
need explicit teaching, that vast amounts of learning happen
without being taught. He observed that knowing (cognition)
during child development can precede sufficient comand of
language to express what is known. This concept provides
for intuition and insight.

Piaget indicated also that children need the liberty to
free their ideas. Consequently, they should be aliowed to
direct some of their learning. This learner-directed
process, especially necessary for the gifted, gives freedom
to their imagination, a chance to make their minds work, and
a challenge to their greatest ability. Accordingly,
students must be encouraged to "romp creatively" (19 p. 178)
with mathematical ideas and to follow their own intuition
and insights.

Piaget introduced the new constructivist theory of the
development of knnwledge, essentially the interaction
between the student and new information which he integrates
into existing knowledge to form a new structure. In 1977
Piaget said his current research was dealing with the
"opening up of new possibilities...the way in which an
action, an operation, or a structure acquired by the child
generates new possibilities." (24 p. 3%50) Integration
involves many functional mechanisms including assimilation-
accommodation, equilibration, reflective abstraction-
constructive generalizations, differentiation and inte-~
gration of sub-systems.

The new structure presents new possibilities, andevery
possibility generates new ones." (24 p. 350) The student
constructs from what he thinks and what actually happans in
reality. As this process of construction is repeated, an
ever-wider range of possibilities can be envisaged. Dis-
coveries can originate from this interaction, the result
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varying according to the competence and diligence of the
student in the creation of new structures and new forms of
organization, and the ability to invent the vocabulary to
express the new ideas.

Owr current project is based upon the potential for
creativity in this theory and upon the fact that
constructive generalization is thought to be the main
mechanism of progress in mathematics. (13 p. 337) We are
observing whether the same pattern of interaction between
high school students and mathematics prevails as it does
between infants and the environment. The levels of
abstraction and the types of concepts among high school
students may be different from those among elementary
children but Piaget has observed there is an increase with
age in the number of possibilities perceived. (24 p. 350)
However, many mechanisms are common to both age levels.
INTUITION AND INSIGHT

Alfred Bork indicates that intuition can be built, that
the goal of educatior .. ‘riyond "manipulstive skills" to
"understanding intuitivwely critical problems or needed
directions of advance." (4 pP. 69) He says that the
intuition we develop in everyday 1ife comes from the rich
collection of phenomena we experience. Thus, whenever
students can greatly increase and control their experiences
they build intuition and open the door to a world of
insights. Seymour Papert, mathematician at Massachusetts
Institute of Technology, in an interview with Carlos Vvidal
Greth in 1983, expressed the belief that a "computer poet"
could "touch on tche deeper non-logical dimensions of self
and the personal aesthetic.® /1] p. 24)

However, this is not to say that teachers and resources
are not needed. For a learner to direct his own learning
poses other problems. He needs the help of a teacher who is
a specialist in motivation and creativeness. In fact, the
teacher is the key to success in non-authoritative
instruction. He must have sensitivity and the light touch®

of the artist, knowing just ﬂén',\'ang how to make
IV
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suggestions without diverting the student's own ideas.
Also, the student should have access to scholars and to the
most up-to-date knowledge in the field he is investigating.
The "liberating" climate in which the instruction takes
place is most important. Acceptance, encouragement and joy
in 1earning appear to produce the environment in which
intuition, insights and creativity tirive.
USE OF THE COMPUTER
Once a sound educational theory is adopted the need is

to apply it to the learning environment. Most fortunately,
the computer is now available tu assist the learner-
directed process in more than a super-sliderule capacity.

It is especially helpful in the study of ==t+hematics because
of its great speed in doing calculations and its ability to
make graphical representations. A whole universe of ideas
becomes available and the computer allows the learmer to
interact with them.

The methodology to implement the philosophy of this
project and to develop the "liberating" climate is largely
that of Teymour Papert. He became interested in the
learning activities of young children and the use of the
computer in their education. He worked with Piaget in
France for five years. As a result he has combined child
development theory with knowledge of both mathematics and
computers and has devised a method of teaching mathematical
thinking to young children, teaching them to "mathematize."
(19 p. 194) He developed the computer programming language
LOGO expressly for teaching children mathematics, LOGO is
primarily symbolic and secondarily quantitative. It lends
itself especially well to creativity. Papert says that LOGO
is "simple enough for a five-year-old" and "sophisticated
enough for a computer scientist.” (11 p. 22)

10GO is designed to contain state-of-the-art artificial
intelligence concepts such as list processing and recursion.
It is a computer language that allows students to start at
their own lev 1 and yet explore to the limits of their
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imagination and satisfy their creative desires.

According to Donald A. Norman of the University of
California at San Diego, "LOGO has the virtue of
cleanliness, and simplicity combined with elegance and
computing power. It is a teaching device...worthy of
continued experimentation and evaluation." (17 p. 226) It
has been made available only recently. How successful it
will be is yet to be determined.

Computer-related technology makes it possible for a
student to redefine terms, redesign procedures and tap the
new depths of his thought. The computer can be used to add
new degrees of freedom to what children learn and how they
learn it. Its magic involves creation of new visions of old
things. Papert says "the possibilities are endless...there
are small discoveries" and "perhaps learning to make small

discoveries puts one more surely on a path to make big ones...l

(19 p. 190)
Papert says "when 'discovery' means discovery this is
wonderfui..." (19 p.178) He uses the word in its true

dictionary meaning. It is not to be confused with

the "Discove - Method” in which the "teacher" has perfected
a series of questions that lead the class to "discover" a
predetermined result desired by the teacher.

A fundamental problem in creative mathematical
education is enabling the student to identify and name the
new concepts and to discuss his mathematical thoughts in a
clear articulate way. LOGO helps develop the vocabulary
necessary for articulate discussion. Papert thinks that in
teaching mathematics one should concentrate on teaching
concepts and terminology which will enable children to
articulate about the process of developing a mathematical
analysis. He states "the possibilities for original minor
discoveries are great" (19 p. 190) when using LOGO to
describe one's own ideas.

Also, Papert has added a-cther dimension to Piaget's

ideas. Papert has "expanded yund Piaget's cognitive
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emphasis to include a concern with the affective. It
develops a new perspective for education research found in
creating the conditions under which intellectual models will
take root...feeling, love, as well as understanding..." (20
p.VII) He writes that the critical factor is the relative
poverty of the culture. (20 p. 7) He urges "creating
conditions for the emergence of computer poets.® (1! p. 24)
He says "I use the computer in the same way a poet uses
words, to touch on intimate and individual aspects of life.
(11 p. 24)

THE PROJECT

Piaget himself pointed out that the heart-breaking
difficulty in pedagogy, as indeed in medicine and in many
other branches of knowledge that partake at the same time of
art and science, is, in fact, that the best methods are also
the most difficult ones. As we considered the preceding
theories and the applications of Papert's ideas in the
elementary schcol, my colleague, Douglas Parsons, agreed to
oconduct a similar project with a group of high school
students in Oneonta, New York. Our task was to create an
environment in which the discoveries were 1likely to
occur, to reduce the "poverty of the culture." (20p. 7) To
insure the bec: .ssible project we consulted authorities on
Piaget, LOGO, mathematics,and education.

We chose to explore in the mathematics area because it
depends almost exclusively on brain power and the resources
within one's self. pDaniel E.Koshland Jr., editor of
Science, referred to "programs that need only time for
thinking, like some mathematics" (15 p. 589) in contrast
to those that need expensive hardware,

We planned to follcw what I consider the ucmocratic, as
opposed to the elite, proceduvre for eliciting and developing
the gifts and talents in all children: ‘"interest,
opportunity and performance" (5 pp. 142-144). As John Hersey
observed, "the value of each individual to a democratic
soFiety lies precisely in his uniqueness...? (12 p. 13).

ERIC 229

Aruitoxt provided by Eic:

Conseguently, we are advised to "cast your nets widely in
unlikely as well as likely places." (3 p. 18)

The students invited to enter the project were high
school - ‘ors and seniors who had had the traditional
courses in mathematics and had learned to use computers with
the BASIC language. The students had been observed by their
teachers to have one special ability in common: the ability
to develop mathematical concepts. Krutetskii, a Russian
psychologist, referred to these extraordinary gifted
youngsters with a "mathematical cast of mind" who need a
very special experience to develop these special talents to
their fullest. (10 p. 7) Those students who accepted our
invitation were enthusiastic about participating and feit
it was a great opportunity to follow their interests.

All students had access to IBM PC computers, not only
during class but also after school, evenings, and weekends.
The computers were used as tools to assist :n testing their
ideas, to increase the speed of calculations, to plot graphs
of mathematical concepts, to control physical processes
toward definite goals, and, by means of L0GO, to articulate
their ideas and observations.

Students who were already interested in specific
problems were encouraged and assisted in pursuing their
solutions. For the other students, new ideas in mathematics
were introduced such as trying functions other than
quadratics in factoring, and trying Penrose tiling to create
new designs. Whenever language or symbols to adequately
express their insights did not appear to exist, students
were urged to invent them. This skill is particularly
needed by students gifted in mathematical thinking.
EVALUATION

At the World Conference for Gifted and Talented Children
in Hamburg, Germany in 1985 we became interested in the
Model for Intellectual Productivity of Dr. J. J. Gallagher
(copy attached). He presents six key factors, tbeir inter-
action and relative importance. In us’ng the chart to
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improve our project, we find we are already stressing the
two most important factors: ability to master abstract
systems 30-50% and opportunities for talent development
10-20%, The remaining four factors are psychological and
sociological and we are considering supplementing the
project in these areas. For example, we need a way to deal
with frustration when the development of an idea seems to
reach an impasse. In Dr. Gallagher's chart it is listed as
wSelr-confidence in Environmental Understanding and Mastery."

Having designed our project to nurture creativity we
needed ways to detect it. We decided to examine the daily
logs of the students for Polya's "Signs of Progress.” (25
pp. 178-190) These signs need not be complete proofs but
rather plausible suggestions, analogies, and implications of
new information. For example, finding an additional factor
that influences a situation and integrating it into the
solution of the problem may be "properly felt as progress,
as a step forward." (25 p. 182) Even though that solution
still needs to be tested and proved, it cuggests a direction
in which the answer may possibly be found.

We selected criteria by which the performance of the
students and the results of the project would be judged:

1. Have the students leurncd how to use a second
computer (IEM)?

2. Have they learmed a second computer language
(L0GO)?

3. Have they learned to "mathematize" as opposed to
manipulating a set of formula symbols and/or figures
according to a set of computational rules? Are they better
able to grasn the whole situation as opposed to calcwlating
parts?

4. Has *the experience in the project enabled them to
see their own thinking processes more clearly, to be more
critical of them and more constructive in taking the next
step? (22 p. 141)

5. Have they learnea their "skill for coping" (22 p.
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145) by spotting issues and separating the relevant from the
irrelevant in a situat‘on?

6. Have any new ideas "just popped into" their heads?
(22 p. 139) Did any learning just happen? Has there been
any evidence of intuition or "non-logical dimensions?" (11
p. 24)

7. Have the students added anything of their own to
the data base? Have they related parts of the data base to
each other in new ways? Have they felt free to explore
their own ! jeas?

8. Are there any evidences of affective learning?
emotional or ae~thetic involvement? fanciful or playful
purposes? "feeling, love as well as understanding?" (20 p.
VIII)

9. Have they made any "small discoveries," defined as
ideas, lines of thought or facts not previousiy known to the
student," in mathematics, education or other fields?

10. Have any of the students made "significant
discoveries:" actually new knowledge not previously known
in mathematics, education or other fields?

CONCLUSION ~ A HOPE AND A CHALLENGE

Papert states "the computer has brought us the
technological infrastructure that can make possible a real
intervention in the learning environment." (19 p. 202) He
believes it can even "touch deeper, non-logical dimensions
of self and the personal aesthetic." (11 p. 24) He
expresses the hope that we "can make the mest of it." (19 p.
202) 1In +*35 project we are trying.

PROGRESS OF THE PROJECT

Evaluating our progress against the procedure,

"1nterest, opportunity, performance " we note

th2 following findings:

SPECIAL INTERESTS OF STUDENTS

In evaluation of the project over three years, there

is a question whether our scope in regard to potential
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mathematical talent is too limited. We have chosen
interested, able students but only those who have already
taken the mathematics courses. We are "casting our nets"
only in the likely, not the unlikely places. Perhaps, in
another project or in an expansion of this one, we should
explore interests of all students wit.. a whole class,
perhaps all seniors or all juniors or even lower classes.

Beatrice King in "The Educating of the Gifted Child in
Bulgaria" observed that "in Bulgaria the concern is not with
bhow to detect talent and ability, but with the provision of
opportunities for talent and ability to show themselves,
with the creation of demand - situati. 5 that will call
forth talent.” (14 pp. 241-254)

We in the United States have been overly concerned with
the selection of gifted students and not sufficiently
concerned with the opportunities to "show themselves" except
with athletes. Each culture gets the talent it values most.
apparently, this country with its "poverty of the culture"
does not yet value the contributions to society the gifted
and talented can make. Consequently, wr are resistant to
providing inspiring situations which ser.. he interests of
children and "call forth latent talent."

OPPORTUNITIES

As for opportunities for the students selected, we have
provided the teacher, the computer room, one period with
access to the computers within each school day, and one
period a week for the students to meet, exchange ideas and
brain~storm.

We have indicated that the teacher is key to the
success in non-authoritative instruction. In my opinion, my
colleague, Mr. Parsons, is adept in this difficult role.
Just what do you tell the students? When do you tell it?
If ycu tell them your objectives, will they as usual try to
please the teacher? If you help them with ideas, will they
ignore their own? If you do not help them, will they
flounder and become discouraged for lack of ome bit of
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knowledge the teacher could easily supply?

Mr. Parsons still found it was good to teach the group
some basic skills in the usual way: 1list processing,
recursion, graphics, and other means in LOGO. He used good
models and problem-solving methods but the students
proceeded largely on their own - finding and exploring
possibilities that interested them.

Unfortunately, we have not yet been able to supplement
the teacher with mentors who have expertise in various
branches of mathematics and can work with individual
students.

Finding an interesting question one wants to pursue
seems to be the most difficult problem. The choice should
be based on the student's own curiosity. Assistance by the
teacher may be necessary at this point. The students can be
encouraged to reflect on the math courses they have
previously studied to see if they questioned or wondered
about anything there. Mathematical issues mentioned in tie
cwrent articles such as randomized response can be brought
to their attention. A brain-storming session can be held in
which all students suggest questions that intrigue tem.

Another problem is the difficulty of freeing one's self
from present knowledge and handling it so it aids rather
than hinders new ideas. One girl said she had difficulty
thinking other than with the calculus she had already
learned.

Also, the project -ach year takes place only 10 weeks
during the last quarter. It is the least desirable quarter
because of end-of-year .ictivities. However, it is the only
time presently available in the school schedule.
PERFORMANCE

In evaluating performance, we have Mr. Farsons' opinion
based on his daily work with students and his tests. In
addition, we have a very valuable log for each student in
which he records his procedures and thoughts each day. Mr.
Parsons and I read these very carefully looking for signs
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that the objectives were reached including especially
unusual ideas and "discoveries."

A caveat in judging performance is to beware of the
tendency of students to do whatever pleases the teacher and
to "finish" a project as opposed to carrying on an open-
ended investigation.

In all phases of this project we value the judgment of
experts on the performance of each student.

NEW DIRECTIONS

Every good experiment suggests further investigation.
Some of the directions this project has already indicated
are:

Can metacognition, awareness of one's own thinking
processes be improved so as to lead to more original ideas?

Can curriculum changes be made to provide more time for
the development of the unusual talents of each student?

How can we find experts as mentors who will help
students interested in their specific fields?

How can we discover the "mathematical cast of mind"
vhen it is existing in a latent state within an individual?

What incentives can we introduce to motivate students
to enjoy thinking and doing original work? /

If creativity is be.ng stimulated in our project, are
the students transferring it to their othar subjects and
activities?

What traits and skills are desirable in teachers of the
gifted?

QW)
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FIGURE . PREFACE
MODEL FOR INTELLECTUAL PRODUCTIVITY
INTELLECTUAL The computer's aiding in the identification of and
PRODUCTIVITY (£) ( () (B (c) (D) (E) )F)... providing a vehicle for the special interests and abilities
(aB) )BC)....h) of gifted and talented children is being explored in this
ESTIMATED VARIANCE project, "The Computer in Creative Mathematics." Ucilizing
KEY FACTORS CONTRIBUTION a non-traditional learning environment, a "language"
A= ABILITY TO MASTER ABSTRACT SYSTEMS (30-50%) designed to be used within that environment, and students
B= OPPORTUNITIES FOR TALENT DEVELOPMENT  (10-20%) chosen from regular computer science classes, we are
C= PARENTAL ENCOURAGEMENT OF TALENT (10-15%) scvampting to provide such a wchicle.
D= SELF-CONFIDENCE IN ENVIRONMENTAL
UNDERSTANDING AND MASTERY (10-15%) w2 nce presantly completing the third year of a five
E= SUBCULTURE APFROVAL OF INTELLECTUAL : o study of this exciting concept. This is only a
ACTIVITIES ( 5-10%) sy -'sis of a much ionger paper. The campliete paper can be
F= PEER INFLUENCES ( 5-10%) colat 24 by contacting:
AB, BC
ETC. = INTERACTION OF KEY FACTORS (15-25%) Dowjlas L. Parsons
Note: From J. J. Gallagher, 1983, August, The conser-~ Oneonta Senior High School
vation of intellectual resources, Presidential Address Uneonta, New York 13820

presented at the Sixth World Conference on the Gifted and

Talented, Hemburg, West Germany.
THE VERICLE

It is no #asy task in many high schools to offer
studerts an alcicnative to the traditional course content
for ten weeks, to provide them with compaters and materials
to explore in 1 conducive learning environment for 43
mirutes each day, and to obtain administrative support for
such a projest:,

Fortunately, we have designed a comnmuter science
coucse 1n which the emphasis is on learning computer
science and not a specific language. Thus, for the first
three ten week quarters the students study the BASIC
language. For the last ten weeks of the course the
students .1 ~hoose any phase of computer science and do an
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in-depth study of that area. This fourth quarter provides
the ten weeks needed for our project.

Oneonta Senior High School was one of the original 77
schools in the nation chosen by IBM to receive 15 PC's and
all the software, including LOGO, in a pilot program to
introduce the IBM computer into the educational setting.

We chose to house these can.daters in a special lab
available to all students during the day and not tied up by
class instruction. This lab provided an effective setting
for the project.

The next step in getting the project off the ground
was to gain administrative approval and support.
Understandably, the key question asked by the
administration was, "In what ways will our students benefit
from this project?" It was explained that they would
benefit in two significant ways First, students would
learn how to operate and becomr ‘amiliar with a different
computer, since their first t..ree quarters of study
involved using TRS-80 computers. Secord, and more
importantly, they would be learning a new computer
"language"” through graphics, an area we did not teach in
the computer classes. The administration approved tie
pzo ct in 1985 and has continued to be supportive.

SELECTION CF STUDENTS

Since the object of this project was to provide a
special "liberating” learning environment and an avenue
through which the students could leave "the beaten paths",
a major concern for us was the selection of students who
would, when provided with this liberating environment,
maximize the opportunity. This required a careful
selection of self-directed, capable s.adents who could work
with a minimum of direction. During the first year of the
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project the selection process was aided by having a pool of
120 students in six computer science classes. There was a
list of fourteen juniors and seniors who had cumpleted
three years of high school mathematics, had taken one
semester of pre-calculus, and were presently taking
clculus.

In the second year, however, the pool of students was
only 40 students in twu computer science classes. My
colleague, Dr. Coutant, and I thought we might try to
utilize same younger students and perhaps have them
continue 1n the project independently in future years.
Thus, in the second year, we included some sophamores,
advanced students who were completing their third year of
nigh school mathematics and planning to take pre-calculus
in their junior year.

In the third year of the project we were down to a
pool of only 20 students from one computer class. We once
again chose juniors and seniors who met the same criteria
used in the first y-ar of the project.

After e tablishing the criteria for seclection, I
conferred with Mrs. Jacqueline Scavo, Coordinator of
compute, “2nce, and also the mathematics teacher who
taught geometry to most of the selected students. We felt
that the students' response to geometry gave us a keen
insight into their a%ility to oconceptualize, Mrs. Scavo
helped me in making the final selection of students whom I
then invited to participate in the project.

Approaching the students was a very critical step. I
wanted to give them enough information to whet their
appetites, but I did not want them to be familiar with the
whole project until they were well into it for fear that I
might influence their thinking, approach, and direction. I

242




explained that I wanted to include them in a gpecial
project. 1In this project they would be required to learn a
new camputer "ianguage" (LOGO) and to use the IBM
computers. I noted that they would be on their own, using
the LOGO "language” to pursue any area of interest dealing
with computers. Initially we stated that the area should
pertain to mathematics or calculus, but after the first
year revised that to be any area. I explained that their
learning would be mostly self-directed study, but I would
be available for assistance when needed. Each student was
approached individually and was asked to let me know in a
week. Most students were enthusiastic about the project.

STUDENTS' CHARGE

I handed the students a copy of IBM LOGO: Programming
with Turtle Graphics and said, "Learn LOGO through
graphics." As they learned the graphics, which they had
mot becn exposed to prior to this time, I asked them to
consider: 1) possibie mathematical projects or problems 2)

any possible project that might he interesting to them and
that they might want to pursue in some depth later on in
the quarter. 1In order to assist the students in their
daily work and to keep a record of their progress,
thowghts, feelings, accomplishments, and disappointments,
they were asked to keep a daily log. They also kept a
diskette of all their programs, those copied fram the book,
those altered by th: student and those totally created by
the student. The last student requirement was a final
exam, a copy of which is attached. The purpose cof this
final ‘'exam was to encourage students to examine how thev
think and to provide a vehicle ﬁhrouqh which they could
draw their own conclusions about this total project. The
logs, diskettes and final exams providad us with the basis
for evaluation of the students' progress and thz basis for
evaluation of the total project.

2,
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At this point I would like to clarify Dr. Coutant's
reference to my teaching the students list processing,
recursion, graphics etc.. As the previously stated
instructions indicate, I did not sit the students down in
the classroom and discuss these topics. Instead, through
the use of LOGO and turtle graphics, these topics were
"learned",

EVALUATION

We have structured the results of this ongoing project
to follow the criteria for evaluation as discussed
previously by Dr. Coutant. The seven girls and fourteen
boys chosen for this project ranged in ages from fifteen to
eighteen. They worked from twenty-four to thirty-four days
for forty-three minutes each day.

On the first day of the project the students were
administered the Longeout Test. The results were
predictable since these students were all well beyond this
stage in their thought process. Out of twenty eight
questions, twelve were testirg concrete thinking. Of these
twelve, one question was missed only once. Of the sixteen
questions testing formal thinking, the average was thirteen
correct and the range was from eleven to sixteen correct.
Thus, acoording to the test results, each individual in the
group tested well in formal operational thinking. Most
students felt that the test was very easy.

LEARNM N IBM

In evaluating whether the students have learned to use
the IBM camputer, I wmst conclude from the lack of camments
in their logs and from the volume of work that was produced
by each individual on the comput2r, they all learned how
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to use the IBM PC Computer specifically with the software
"language® LOGO.

LEARNED LOGO

Prior to ber‘ning this project, all of the selected
students had demoastrated a high degree of understanding of
BASIC. However, as 1 have stated, they did not have any
understanding of graphics. By the conclusion of this
project, all of the students have gained a thorough
knowladge of LOGO Graphics and varying degrees of knowledge
of LOGO as a very powerful language. Their knowledge of
graphics was demonstrated on their diskettes and in their
logs as they worked through the graphics book changing and
adapting the programs already supplied in the *-ok and
creating their own programs, utilizing the concepts
encountered in the wook.

Throughout the students' logs there is much evidence
of affective as well as cognitive learning. Many students
have commented about and expressed a variety of emotional
involvement. Through this project we have observed a
positive affective tone created by the “language" of 10GO,
the computer, and the conditions for learning. It
continues to be a source of great pleasure for us to see
the way high school students become completely absorbed in
learning with the computer. We have noted how the students
have become emotionally involved and express this emotion
quite freely.

The students' learning of LOGO as more tran just
graphics took on a different approach. Since the graphics
were totally nww to them, they had no frame of reference to
compare it with. However, LOGO as a computer language was
constantly being compared to the languages they had learned
previously. Different sturctures that existed in other

i
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languages were loocked for in LOGO. Initial impressions of
the larguage of 1LOGO were sametimes proved correct and
sametimes proved incorrect. Many of the students were able
to understand and describe the power of LOGO as more than
just a graphics "language".

The studenvs' logs gave us a feeling for the diversity
of approaches they used in learning LOGO and LOGO graphics.
Each student relied on his/her own thoughts and ideas
ra+her than being directed or "taught how to" in the
traditional sense. The graphics book provided the needed
structure for most of the students to advance, but. did not
hinder their own exploring and diverging from the given
samples.

MATHEMATIZE

Although the concept of "mathematize" is hard to
evaluate, there were definite glimpses in the students'’
logs of them "grasping the whole situation as opposed to
calculating the parts". One concept of mathematize is the
ability to solve problems. By having the students go
through the learning on their own, they created their own
problems and also demonstrated good problem solving
techniques to solve these problems. One student used the
concept of problem solving working backwards. A number of
students refer to the concept of a top down design in
approaching their programs. Other students have indicated
that the editing process in LOGO has made them more aware
of paying attention to details.

CWN THINKING PROCESS

The information gathered about the students' thinking
process was mostly in response to question two in the
students' iaal examination. Responses ranged from waking
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in the middle of the night with the answer to a problem,
not being -ble to write thoughts down quickly, to one
student stating he had no thinking process at all! A few
. lated their thought process to already learned skills.

SKILL FOR COPING

There seer to he as many ways of coping as there are
subjects for this project. Same students use previous
knowledge to cope with inadequacies of the language. Other
students have coped by not straying from the graphics book
and the reference book provided for the students' use.

They feel that they must proceed page by page to understand
the language fully before they branch out into some
project. A number of cstudents feit that they had to write
their work out on paper to deal with the frustrations that
kept rising out of the self-directed learning. Backing
away from the immediate situation and letting the
subconscious work on the problem was a method utilized by
others. At least two students felt that their previous
knowledge hindered their ability to let ideas and concepts
flow freely in their minds.

NEW IDEAS

Although some students commented on how ideas came to
them, I feel certain that since the students were uns’ illed
in analyzing their own thought processes and untrained in
writing logs, many of the new ideas that did occur were G
recorded. At least one-fourth of the students commented in
their logs about how the lack of specific directions and
the total freedom were idea stifling. Over half of them
felt that ten weeks was not enough time to complete their
projects. They felt if they had more time they could give
a better evaluation of the total process.
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ADDED TO DATA BASE

at this point, “he concept of the students' exploring
their cwn ideas without interference has been well
established. We did not, however, want the students to
work in a vacuum. Dr. Coutant explained that the students
would get together once a week and share their ideas,
suggestions and problems. Unfortunately, we were not able
to keep to the strict once a week get together, but when
the students did get together, there was much sharing. By
sharing, they were able to relate parts of the data base tw
each other. Tie students, especially in the last two
years, did not wait for the weekly get togethers to share
ideas, Many of them were working on the project at the
same time and could easily share ideas. At least one
student invited another non project member into the I=M
room and taught her how to use the newly learned commands.

SMALL DISQOVERIES

Many of the students "discovered” what we would
oconsider small discoveries. Discovering about the keyboard
of the IBM computer, creating new commands in LOGO to find
out later on that they exist in the reference book, having
a graph of an equation skip over "holes" in the graph or
skip over assymptotes and deriving the quadratic equation
while working to solve a quadratic are a few of the small
discoveries these students have been able to express.
Because the students have all learned LOGD graphics and
varying degrees of the LOGO "language" during this project,
all the facts they have discovered would be too numerous to
mention.

QONCLUSION




The first three years of this project have been
sucressful in creating a liberating learning environment
for the students. They have explored, created, and learned
without a curriculum. The computer, the LOGO "larguage”,
and the students’ curiosity provided enc'sgh motivation for
most of them to progress at a rate beyond our expectations.

We have learned, however, maturity should be a crite: un
in student selection. Throughout this project we have had
Scme very mature young people who are self-motivated and
appreciate the opportunity to learn for learning‘’s sake.
we have also seen that the immaturity of some students has
thwarted their progress. In the next two years, because of
the freedom extended to each student, the maturity factor
wili play a role in our selection of studests.

FINAL EXAM LOGO

PLEASE NOTE: As you respond to each of the following, it is
essential that you refer to your log for supporting exanples
and specific details.

1. A. Identify clearly your obi-ctives for this project.
B. How did you structure your project to achieve these
objectives?

Select either A or B. Through specific references to
your project, write _everal sentences supporting that
opinion.

A. My project heightened my awareness of my thinking
process.

B. My project did not heighten my awareness of my
thinking process.

As you worked through your project, how did you de elop
"new idsas?” Be sure to express yourself carefully and
clearly to convey the style/process you used.

Describe “small discoveries®(ideas, lines of thought
and/or facts you had not been aware of before) that you
made through the project.

In your opinion, what is one negative aspect of LOGO?
If you could, how wouid you change this aspect to
improve the language?

245

BIBLIOGRAPHY
Bak, Mikkle. 1OGO Log and Final. Oneonta: Oneonta Senior
High School, 1985. Dates 4/23/85-6/20/85.

Buzzy, Brett. IC20 log and Final. Oneonta: Oneonta Senior
High School, 19d6. Dates 4/24/86-6/18/86.

Dromey, R.G. How to Solve It
Cliffs: Prentice Hall, 1982.

ter. Englewood

Fleisher, Sarah. ILOGO Log and Final. Oneonta: Oneonta
Senior High School, 1985. Dates 4/23/85-6/20/85.

Gardner, Martin. Bha! Insight. New York City: Scientific
American, Inc., 1978.

Grant, Russell. IOGO Log and Final. Oneonta: Oneonta
Senior High School, 1986. Dates 4/24/86~6/18/86.

Heyn, Todd. ILOGO Log and Final. Onecnta: Oneonta Senior
High School, 1987. Dates 4/7/87-6/9/87.

Hoffman, Clifford. LOGO Log and Final. Oneonta: Oneonta
Senior High School, 1986. Dates 4/24/86-6/18/86.

Hollist, Joseph. LOGO Log and Final. Oneonta: Oneonta
Senior High School, 1987. Dates 4/7/87-6/9/87.

Rreger, Lori. IOGO Log and Final. Oneonta: Oneonta Senior
High School, 1985. Dates 4/23/85-6/20/85.

lar , Katrina. I0GO Log and Final. Oneonta: Oneonta
Senior High School, 1985. Dates 4/23/85-6/20/85.

Lester, Christopher. 0G0 Log and Final. Cneonta: Oneonta
Senior High School, 1986. Dates 4/24/86-6/18/86.

10GO. Pocoa Raton: LOGO Camputer Systems, Inc., 1983.

—

LOGO: Programming with Turtle Graphics. Bocoa Raton: 10GO
Camputer Systems Inc., 1983.

Miller, Ted. LOGO Log and Final. Oneonta: Oneonta Senior
High Schrsl, 1986. Dates 4/24/86-6/13/86.

Moulton, Jeanne. OGO Log and Firal. Oneonta: Oneonta
Senior High School, 1985. Dates 4/22/85-6/20/85.

Moskos, Kristine. LOGO Log and Final. Oneonta: Oneonta
Senior High School, 1986. Dates 4/24/86-6/18/86.

[ned

2t




Papert, Seymour. Mindstorms: Children, Camputers, and
Powerful Ideas. New York City: Basic Bocks, Inc.,
1980.

Pence, Heather. LOGO Log and Final. Oneonta: Oneonta
Senior High School, 1985. Dates 4/23/85-6/20/85.

Polya, G. How to Solve 1t. Garden City: Doubleday and
Campany, 1957.

Romero, Vicky. LOGG Log and Final. Oneonta: Oneonta
Senior High School, 1985. Dates 4/23/85-6/20/85.

Russell, David. LOGO Log and Final. Oneonta: Oneonta
Senior High School, 1987. Dates 4/7/87-6/9/87.

Sexton, Andrew. LOGO Log and Final. Oneonta: Oneonta
Senior High School, 1987. Dates 4/7/87-6/9/87.

Theologes, Terry. LOGO Log and Final. Oneonta: Oneonta
Senior High School, 1986. Dates 4/26/86-6/18/86.

Ventre, Donald. IOGO Log and Final. Oneonta: Oneonta
Senior uigh School, 1985. Dates 4/23/85-6/20/85.

Xanthaky, Peter. LOGO Log. Oneonta: Oneonta Senior High
School, 1985. Dates 4/23/85-6/20/85.




122

RE-ENERGIZING THE SCHOCL MATHEMATICS CURRICULUM

Douglas H. Crawford, Queen's University

I. TRENDS IN SCHOOL MATHEMATICS SINCE SPUTNIK

Beginning with Sputnik 1n 1957, the School Mathematics
scene has been more or less 1n flux. The late 50's and
early 60's were dominated by "the rew math" movement. This
was followed by the increasing realization that the revision
of content alone, especially 1f 1t was more formal and
symbolic and not particularly well understood or accepted by
teachers 1n the classroom, was not enough. Discovery
learning 1n the USA and activity learning 1n the UK formed
the next wave 1n the mid to late 60's - a trend wnich was
generally welcomed but which subsided gradually due to a
combination to economic cutbacks and public perceptions that
the bread and butter basics of computation and arithmetic
were being neglected. Thus, a new thrust became apparent 1n
the 70's, the back to basics movement, with a concurrent
emphasis on assessment and testing (Robitaille, 1980), A
possible solution then begun to evolve 1n the late 70's as
the hand calculator emerged and relevance and applications
became the focus of change. Finally, at the beginning of
the 80's the landmark publications of an Agenda For action
(NCTM 1980) and the report cf the Cockcroft Committee in the
UK (1982) redefined a much more comprehensive context for
rethinking scnool mathema%ics,

The NCTM agenda report made eight recommendations, the
first three of which {paraphrased) were:

1) problem solving must be the focus of school

mathematics,

11) the concept of basic sk1lls "must include those
things which are egsential to meaningful and
productive citizenship for the immediate and
future"

111) mathematics programs must take full advantage of

the powers of calculators and computers at all

grade levels.
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The other recommendations were equally praiseworthy and
related to higher standards, more flexible curricula, and
higher levels of support gystems for the school mathematics
enterprise generally, The werd "must” figured 1n all of the
last five recommendations,

The Cockcroft inquiry 1into the teaching of mathematics
in the UK began 1n September 1978 and the Committee
submitted 1ts final report in November 1981. Apart from
meeting on 64 days which jncluded three residential
meetings, 1t commissioned studies of the mathematical needs
of employment and of ajult life generally and a review of
ex1sting research on the teaching and learning of
mathematics. Finally, members made many visits to
organizations and firms and numerous subnissions were
received,

The report 1s 1in three parts - the first considers the
luportance of mathematics as a discipline or school subject
for the individual and Soclety, the second examines
mathematics 1in schools - 1ts content, methods, assessment,
intent, Part three discusses the context and resources for
mathematics 1n schools 1n terms of facilities and,
especially, mathematics teachers, 1ncluding teacher-supply,
qualifications, and 1inservice support 1n 1ts d1Scuss1ons.
While the report represents a very careful, thorough and
comprehensive study of school mathematics 1t distribules 1its
many recommendations throughout the report and only comments
in a general way on them 1n a final chapter ('The way
Ahead'),

The surveys and research studies commissioned by the
Committee revealed that adults often had feelings of
anxiety, helplessness, fear and even guilt when reguired to
undertake a simple piece of mathematics, There was also
perception that accuracy and speed showing all neat and
working neatly and using all the proper methods to obtain
exast answers were all central charae~teristics of learning
mathematics. Specific areas which presented difficulties

~
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t. Understanding of percer%ages.

2. The meaning of rate of inflation.

3. The ading of charts and timetables.

4. Willingness to use the hand calculator and
discouragzment at the large number of figures
after the decimal point.

The Committee recommended that teachers ensure that
their pupils have the abilities:

"To read numbers and o count, to tell the time, to

pav for purchases and to give change, to weigh and

measure, to understand straight forward time tables
and simple graphs and charts and to carry out any
necessary calculations associated with these.”

Additionally, students should develop a feeling for
number which aliows sensibie estimation and approximat...is
to be made and most importantly, adul . -, * have suf’ .cient
confidence to make effective use of the mathematical
knowledge they possess.

Roughly speaking, *hese abilities constitute what the
report calls numeracy - the ability to apprecic e and
understand mathematics as a means of communication,

Tha rephrt deals w'h computers in general terms
pointing out that ‘in '.G2) - e are still at a ver early
stage in the developmc. . of their use as an aid 1in teaching
mathematics". It reminds its reade s thit mathematics
teachers have < far not made great progress in the use of
other aids such as the overhead projector or the calculator.
Specific mention 18 made of the need to produce software
programs which dre not just "extra's" but which can
contribute to the mainstream mathematical work of the
school,

Finally, the report argues strongly for a higher than
averaje lavel of support for mathematics teachers already
verving in schools, claiminc that school-based inservice

support is of fundamental importance but needs to be

g

supplemented by courses on a local or regional basis. In
this context, the leadership of mathematics coordinators or
heads of departments 1s seen as essential and ic 1S impliied
that these people must receive aguate support and
training. Additional financial support for these purposes
1s necessary if improved mathematical education 1s to
result. In order for ¢ll the 1issues and recommendations to
be addressed, since the committee helieves that the teaching
of mathematics must be addressed as a whole, 1t places the
responsibility for bringing about the necessary changzs on
six agencies supported by the public at large. The six
agencies are: teachers, local education authorities,
examination boards, central government, training
institutions and those who fund and carry out curriculum
development and educat:onal research.

Since 1982 there have been many developments from both
sides of the Atlantic including reports by various
committees and commissions as well as continving debates at
conferences and :n journals and the emergence of various
experiment: and projects ¢'rected at specific aspects of
math: nati. 2ducatio.. Among these are the ITMA project at
No+t in-. vargity, (Burkhardt, 1983; Fraser, 1983; ITMA
1985), .nE project at Homerton College, Cambridge
(Shuard, 1986; SCDC, 1986), the work of Seymoui Papert and
others at MIT {Papert, 1979; Weir, 1987) and the University
of Chicago Fecondsry Mathemarics Project (Usiskin, 1985;
ucsMp, 1985).

II. PRIORIT: 3S IN CONTENT AND EMPHASIS
1. Work by the Author since 1979.

After a reductsy 1 1n activity as a full time
profess.onal mathematics educator due teachinc
responsibilities in other areas of education, the author
began a rethinking of the needs of mathematics education in
1979, His first step was to undertake a study of basic

skills in mathematics by comparirg assessment stulies in the
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UK, Canala and the US (Crawford 1980). This indicated the
need to him to focus on estimation and approximation as
fundamental weas of knowledge and skill needed by everyone
in adult life, and a reosearch study on this theme was
completed i1n 1982 (“rawford 1982). During this study, he
became even more conv_nced that this area should be used as
a major bridge between mathematics, science and technologv
in schoolse This led him to the hypothesis that much of the
trouble with school mathematics (and perhaps science as
well) was due to lack of emphasis on and understanding of
the significance of measurement in the development of
industrial and technological societies. As a conseguence, he
began to study the use of mathematics in high technology
industries as & way of providing evidence on the actual
uses of mathematics and hence the possibility of a shift in
school mathemratics from a heavy dependence on the needs and
demands of university mathematics. Two outcomes were a
research study of the mathematics used at a large
telecommunic ations plant in Ontario (Crawford, 1984d, 1987b)
and a paper delivered to the Third International $jymposium
on World Trends 1in Science and Technological Education
(Crawford, 1984c). additionally, a sabbatical leave 1in
1984-1985 was devoted to studying science and technology
educatin with a view to linking them r~re closely with
mathematics education in schoocls (Crawford, 1984c; 1985a).
The impact of the computer wes also studied znd its likely
effects reported 1in ‘several papers (Crawford, 1984a, 1984f,
1385b). More recent'y, a fccal point was reached in a first
attempt to articul ate a redesign of the .nathematics

curriculum in school (Crawford, 1986b).

2. Estimation, Measurement and Responsible Citizenship.

How do most, cay fO%, of people use mathematics in real
life? According to the Cockcroft report studies, and this 1s
supported if one questions any sample of adults, they use {t

to estimate, to measure, and to make calculatioas mainly
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involving percentages and decimals. They are doing this in
an ever 1ncreasingly complex society. Measuring and
controlling technologically based production by
sophisticated measuring devices and mathematical techniques
lie at the heart of wealth creatior and technological
advance. For example, an article 1in tne magazine High
Technology of July 1987 on super conducting 1llustrates this
point well. In providing lar Je superconducting magnets
which consist essentially of a cable wound around a copper
tube secured by suitably designed collars, it is stated that
"The cable must be kept trom moving in response to
the huge magnetic force 1t will experience. A shift
of just one thousandth of an inch would generate
enough energy to heat the wire above its particular
temperature changing 1t abruptly from a
superconductor to a state of ordinary electrical
resistance. Following this transmission called a
quench, the electric current would quickly heat the
magnet to several hundred degrees and the entire SSCC
would have to be shut down" (p.15).
And again, superconducting elements called Josephson

Junctions are being used 1in an oscilloscope tc measure

signals as brief as ten pico seconds (10”11 sece)s

Thus a well-desiyned sequence of curricul ar experiences
focussing on the ideas of estimation, accuracy and error of
measurement followed by gradual introduction later to
aceptable ranges of error and qualicty control in production
has the potential to help today and tomorrow's students
understand the significance of mathematics in an
increasingly technological world.

At the same time, the 1ir’ ractions of our technologicat
weal th-producing activities ..th the environment in which we
live, are producing many u.desirable side ef ects sucn as
acid rain. We are therefore in great need of understand ing
the problems we are creating, vo that we can learn to

conserve and use the ecological system of which we are a
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part, wisely, intellijently and prudently. It 1s therefore
increasingly important tor the ordinary citizen to have a
better understanding of the use of precious natural and non-
renewable resources such as air, water and energy fuels and
sources (Allen, 1982; Crawford, 1987a; Fremont, 1979;
Peccey, 1982). 1Inevitably the questions of the distribution
and sharing of wealth are becoming more pressing as
evidenced by international disputes over o1il, lumber,
fishery and agriculture policies-ali occurring in the
context of a highly fragile international financial systzm,
Hence as part of the curricvlum of the 1990's there must be
priority emphasis on the gquantitative, logical, humanitarian
and ethical aspects of these dilemmas - in a word, emphasis

on mathematics for respoasible citizenship.

3., Qualitative and Higher Order Thinking in Mathematics.

These same technologies which are crowding in upon the
workplace need tnemselves to be understood and can help us
greatly educationally. The computer as a means of
calculation, information and as an expert helper, now
r ,uicfes that we rethink much of the curriculum, 1in our case
the mathematics curriculum,

With the increasing realizaticn that much tedious
calculation and computation both 1n arithmetic and 1n
algebra can be done by these machines, time 1s apparently
released for teachers to focus on higher order thinking and
learning. Two questions now come to the fore:

1) What should be done with the released time?

1) wWill students use calculators and computers
intelligently or will they simply apply
procedures which they think or assume to be
correct without :inderstanding or checking?

It seems clear that the solution 1f to put greater
emphasis on understanding relevant ideas and contexts. And
so the translation from concrete three dimensional reality

via meaningful visual 1mages to an effective and efficient
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use of symbolic systems becomes ever more important. For
example, in a series of researches by Hughes and others 1n
Scotland (1983) and by Behr and others in the United States
of America (1980), cited in Hughes (1986), children of ages
5-11 have been shown to have severe problems when asked to
translate between different representations of arithmetic -
either from concrete to written or from written to concreie.
In particular, they have little pre-school experience of the
symbols +, -, +, and show great reluctance even to use these
1in relevant situations. Hughes makes a number of
suggestions for a new approach to the learning of
mathematics based on his research, among which are includ-.d
several focusing on the child as learner (discover the
learner's mathematical background, build on the learner’s
own strategies, respect the learner’s ianvented symbolisms).
In a final passage, he warns of the need to see the use of
new mathematical tools and techniques in perspective.

"We want to tntroduce children to the tools and
techniques which form part of our culture and whaich
we believe w-ll help them solve the problems facing
them. Yet, as these techniques grow more 2owerful,
there 1s a danger that they will become less
accessible to young children and that teachsag
mathemat.cs -~ already an immensely difficuit task-
will become evan more demanding and time-consuming.
Unless more vesources are made available within the
education system, pressure of circumstances will
continue to make 1t esceedingly dif{icult for
teachers to give new ideas, however important, the
time and attention they deserve."

"If we can rede3ign our educational
environments.... so that, insfead of nullifysng and
1gnoring young childrun's strengths, w2 are able to
bring them into play and build on them, then I am
confident that we will be able to meet the challenge

currently facing us." (Hughes, pp 183, 184)
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Skemp (1971,1976,1979) has become very well-known,
particularly in recent years, for his work on schemas and
reflective learning. His ideas of instrumental and
relational learning have led to much discussion. Some years
ago Skeip made a further interesting contribution to this
area of transition from concrete to symbolic understanding
(Skemp, 1982). Any communication, verbal, written or
otherwise first goes into a symbol system. How this 1s
interpreted, h-wever, depends on what relationships are
formed within the conceptual structure (e.g. 572 1s usually
interpreted as one number, nor ree single-digit numbers as
it could be if 1t were a telephone area code). Skemp makes

five suggestions for developing symbol ic unders tanding,

defining this term as:

"a mrr*u1al assimilation between a symbol /stem and a
conceptual s*-ucture, dominated by the conceptual
structure.” (p.61)
Two of *hese suggestions are to stay with spoken language
much longer and to use transitional jinformal notation as a
br idge.

More recently, as part of the thinking emerging as a
result of the Cockcroft report, Brissenden (1985) has
focussed on developing mathematical discussion among pupils.
He argues that talk is a way of developing and/or improving
understanding, language skills, and social sk1lls, and that
it can also provide the teacher with continued detailed
assessment of children's understanding ard progress. Three
aspects of the teacher's role are necessary:

1. choosing mathemati:al situations which support

discussion effectively;

2. preparing lesson patterns and class crganisations

which afford proper opportunities for
discussion;

3. controlling the two forms of interaction mentioned

by Cockcroft that ¢iscussion is generated and
sustained.
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The reader is referred to Brissenden's account for
further details but essentially the teacher rust produce a
well thought out mathematical situation and retreat to a
vrocedural role which requires the teacher to exercise
various skills "more or less sub-~-nsciously and 1n time as
a matter of habit".

The work of Huglhies, Behr, Skemp and Brissender all
1llustrate what I call qualitative mathematics. This 1s a
term I 1inherited many years 290 from Caleb Gattegno and have
tried to explain in a paper given in Melbc irne, Australia
(Crawford 1984e). Briefly, 1t means spending much more of
the available time in the mathematics class on basic ideas
and relationships, and clarifying cheir meanings
conceptually and qualitatively before enshr.ning them 1in

what may well otherwise become meaningless procedures and

formul ae.

The recent ICMI report (Howson and wilson, 1986)

supports this position strongly.

"Certainly there is no place for compulsory

mathematics taught as a set of rules and unexplained

procedures. Education should be fundamentally

rational, and in mathematics this implies that it

should emphasise relationships between i1tems of

aumeriral and spacial knowledge. For example, the

uses to which a particular geometrical shape can be

put depends on the properties of that shape, and the

varioug properties are not indepenuent pieces of

knowledge but are connected with each other. Again,

iu learning to handle number efficiently. 1t 1s as

important to appreciate the connections . ctween

multiplication and division, and to recognise the

situations 1in which they arise, as to be able to

carry out the appropriate algorithms. This

refational aspect of mathematics becomes increasingly

significant as electronic devices become available to

carry out routine procedures.” (ICMI, 1986 p.28)
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Finally, the authors of this ICMI report see many
potential benefits of the computer in various content areas
(calculus, probability and statistics, geometrical
transformations) and in using spreaisheets, CAD packages,
and simulations. However, they also envisage thre: Xey
problems in using the micrc for experimentation and
investigation:

(1) the preparation of teachers,

(11) the selection of suitable task situations,

(111) difficulties associated with knowing,
consolidating and testing what the students

have learned.

I11. RE~2HINKING THE SCHOOL MATHEMATICS ENYERPRISE.

1. Aims of school Mathematics

As part of the research study conducted by the author
and reported in Crawford (1986a), a survey was made of the
recent literature on aims and justifications for learning
mathematics. Table i overleaf depitts the results of this
survey. A number of perspectives can be seen. Cockcroft

emphasizes mathematics being vseful in adult life,

especially as a precise communication tool while the Agenda
focuses ‘ “rongly on problem solving. A Canadian study of
1976 emp 3izes the value of math as aﬁ_nguage for

communicating ideas, and more interestingly perhaps, as a

cultural resource. The ICMI report already cited, while

agreeing that school mathematics must "cerve to equip
students both to study other subjects and also to help with
mathematical demands and problems they will meet out of
school”, emphasizes the affective componentsg when 1t

suggests that the curriculum should provide 2 foretaste of

what mathematicians do, why they do it and of the pleasure

the_ Success gsolving of a mathematical problom can bring.

Additionally, these authors argue that students "must

appreciate that with mathematical knowledge they acquire
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Crawford and
Cthers
1976
Total of 33 objec-
tives obtained by
brain-stermiing
grouped 1nto 5
categories below:
1. Basic Math
Abilities
2. Basic Applied
Skills
3. Higher Math
Abilities
4. Appreciation of
Mathematics
5. Personal york
Hadbits

Dienes
1978

1. learn to ab-
stract - strip
of £ 1rrelevances
«2, learn to
generalize

3. learn to
formulate and cope
with precisio. nd
preciss messages
4. learn to work
togather

S. ™ to
respect cpwnicns/
values of others

TAWIE L
Alrs and Justificaticng for [parnind Mathematics

Tayler, Termracoe

Prescott

1971

1. a languaze-
vehicle for thousht
2. enables precise
cescriptions and
mcelling
3. oest vehicle for
comprehending
pattern
4. 1intellectual and
aesthetic appeal
ard fasc. .ation of
deep structurat
provlems

hgenda for

1. problem—solving
as major focus of
Quoriculun

2. basic skills to
be extended e.g.
include estimating
and approxirating:
Use 1n predicting;
carputer literacy
3. emphasize appli-
caticns, and
apfacpriate sxills
and strategiocs

a.g. formulating
key questions; dis-
covering patterns
and similarities

4. integrate use of
calculator and
computer into
curricalum

5. create class-
room environments
fcr problem-solving
6. emphasize
carvunication
skilis and ciarity

Gardner, Glern,
Penton
1973
i. for living and
responsidile adult-
hood (functioning
aceruately as a
metoer of society)
2. fcr lrvelihood/
vocation
3. mode of know-
ledge and experi-
ence involving
concepts of a
general abstract
rind (education)
4. significant parc
of aesthetac,

Coleran an!
Ecwards
1976
l. understand what
rathematics 1s and
wh”t 1t 15 not
<. mathematics is ¢
way of thinking
3. mathematics 15 3
cultural resource
4. ratheratics 1is an
essential language
for communicating
1deas

affective aspects of

humnan endeavour

Cockeroft
1932

1. maths 1s useful
since it provides a
poverful, concige,
unaTbiGuous means
of comunication.
2. enables
develogment of
mathematical skills
and understanding
required for
adult life, for

« ployment and fo:
further study and
training -

3. and for study
of other subjects
4. helps ravelop
appreciation and
ensoyrent of
mathematiCs
itself.

Maths

5~16

1985
set of 10 aims
further divided into
five categories ol
objectives.
1. essential
element of
communication
2. powerful tool
3. study of
relationships
4. fascination of
int. Sic appeal
5. a creative
process/activity
allowing use of
1magination and
flexibility.
6,7,8. enables
systematic indepen-
dent cocperative
ways of working.
9. encourages in-
depth study
10. gain confidence
in do* 9 math.
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desirable power”.

Another dimension which now appears frequently in the
literature on aims 1is that of the personal and developmental
by~products of maths learning. For example, Dienes stresses
learning to work with others and to respect their values and
opinions. So does Maths 5-16 (the 1985 Department of
Education and Science Publication in Engiand). Finally, 1in
a number of the sets listed in Table I, various other
affective and aesthetic benefits are noted.

A useful synthesis of many of these aims has been given
by Shirley Hill, in her summary of the recent symposium
International Comparisons of Mathematics Education: Policy
Implications for the U.S.A. (H1ll, 1987). As Lesson #3 from
the Sympostium, she states:

"Our goals in mathematic5 education must include

three primary facets:

(a) improved mastery of those portions of mathematics

which are basic and will remain basic:

(b) more time devoted to higher order thinking skills

which will be needed by a much larger fraction of
our population in the future;

(c) cultivation of student appreciation and

experience with mathematics as a living subject,

applications to the world around us. (Hill, p.l)

An interesting attempt has been made by Cain and oth rs
(1¥85) to codify and assign p1 srities to the major goals
which they consider appropriate for different ability level
students in secondary school mathematics, and hence to
structure emphases on different aims to fit different types
and intelligence levels.

Finally, the recent ICMI report has wrestled with this
general problen of aims and how schoo' mathematics, school
experiences can reflect their variety in a "reasonable" way

for all pupils (op. it.Ch,3). Howson and Wileon discuss
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content and process, the relating of mathematics to other
aspects of experience, and the pros and cons of compulsory
and differentiated curricula However, their purpose is not
to come to ary firm conclusions but rather to suggest

alternatives for further debate and discussion.

kelated areas on which much recent research and
discussion have focussed are problem-solving
(Schoenfeld, 1985; %rown, 1985) process activities (Bell,
1978; Romberg, 1983; Crawford, 1984d) different kinds of
knowing (Noddings, 1985) and metacognition (Garofalo and
Lester, 1985). All of these aspects of learning need
continued study and attention, but cannot be described at p

length in the present paper.

2. Some Bases For Relesign.

Clearly, whatever set of experiences and how
differentiated they are will depend greatly on the value
system and cultural climate of the country or region in
which the experiences take place, {.e, there 1s no universal
answer. However, there are in my view (and this 1s

supported by the work of Wilson who studied four wideiy

differing geogruphical regions) some basic agreements which
can be used to change school mathematical experiences to
become more relevant in an age of information technology at
least in developed countries such as as the USA, the UK or
Canada sSome of these have already been outlined 1in
Crawford (1986b) and summarized in Crawford (1987a). Here,
they are repeated in much the same form as the basis for
rethinking the whole mathematics enterprise particularly at
the secondary level.

BASIS I.
MATHEMATICS IS ESSENTIALLY A TOOL FOR SOLVING PROBLEMS

This has been true throughout history and 1is the

essential reason for studying and creating matrematics.
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Although we now think of mathematics as the study of

axiomatic systems and structures, these mental artifacts

only become of value in the real world when they are applied

to solve real problems. For the ordinary individual, the

basic uses of mathematics are the same as ever - estimating,

measuring, costing, designing and solving personal or

societal problems,

Basis peg

THE CONTEXT IN WHICH MATHEMATICS IS LEARNED MUST PROVIDE

SCOPE FOR A FLEXILLE MIXTURE OF ACTION AND REPLECTION IN
SOLVING MEANINGFUL, RELEVANT PROSLEMS BOTH INDIVIDUALL: AND
COOPERATIVELY.

Rote learninc and lack of opportunity to understand
ideas via the use of manipulative or visual materials must
be minimized and other aspects of qualitative mathematics
such as non-threatening discussion, group work, practical
and applied problem~solving and project involvenent must be
introduced increasingly so that learning becomes natural,
well-motivated and meaningful. These two bases then lead
straightforwardly to two major goals.

V) Students learn to become better problem solvers.
<) Studente learn to become increasingly independent
learners. Mechasisms and methods or strategies for
achieving these goals must 1include
1) The central involvement of the students
individually and co-ope:satively in their
learning, using methods which produce interest,
enjoyment and commitment to effort in learning.

1) Gradual withdrawal of the teacher as the prime

mover and resource for learning.

111) A particular focus on the concepts and activities

of designing, making «wd creating real or

intellectual objects which are of mathematical

o0
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significance and yet intrinsic value and personal

satisfaction for the 1individual.

As long ago as 1957, Sawyer and Srawley wrote an
excellent book called Designing and Making which proposed
exactly these ideas

"Children often ask, 'Why do we have to learn
ar{thmetic?' There are verious answers--"You need 1t
to go shopping’, and so forth, The weakness of these
1s that they appeal to the reason alone while the
question 1S not really a request for information, 1t
really means 'I find this ~ull',, and the only
effective answer {s one directed to the feelings.
The best answer of all 1s cne not of words but of
action~-t let the child embark on some activity that
1s unquestionably exciting, and to let it discover at
some stage that i1ts progress 1s held up by lack of
mathematical knowledge."

"The more the children learn to organize their
own lives, the more efficient the education will be,
Things can go ahead without the help of the teacher."

4, Current, new and emerging technologies such as the
micro-computer should be used intelligently to support these
goals and the mechani{sms which have been outlined - in
particular the computer should be used to simulate things
done by humans. The visual and interactive potential of the
computer for learning are its two most important
characteristics which need to be understood fully and

harnessed appropriately for high quality learning.

IV. IMPLEMENTING A RER-ENERGIZED CURRICULOUM.
Assuming the validity of this analysis and refocusing
of the mathematics curricclum - how is 1t to be realized?
To achieve it, in this author's view, requires
atti{tudinal and knowledge changes {n teachers,
administrators, politicians and probably the general public

as well., Attitudes tend to be changed only 1f something 1is

DO
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shown to be an improvement on established practice or
possibly because sheer necess {ty requires something new to
be ried. T ¢ first approach i1s voluntary, the second

involuntary.

V. School and Curricular Reform.

Goodlad (1983) claims that in his major research study
of schooling {n the USA (published in 1984), two major
curricular deficiencies sta.d out. They ore

1) a failure to differentiate and see the

relationsiips Letween facts and the more important
concepts facls help us to understand and

11) a similar failure to see subjects and subject

matter as mechanisms for the real goal of personal
develon .e .,
pPart of the overall failure also stems from the fact thuat

schools are not the only educational agency.

If we seriously believe in the possibility of achieving
tc 1@ extent the 1-fty goals soame jurisdictiuns are now
setting (e.g. Ontario, 1984), then in this age >f
informaticn technology we must respond to cnange by creating
a self-renewing school. According to Heckman, Oakes, and
Sirotnik 983), what {s essential 1is

"A schocl scaff that constantly works together to
examine the school's condition, identifies problems,
and develops alternatives based on all forms of
knowledge. The self-renewing school may use i1deas
from “he outside, but the intention {s not to make
the schonl a better tar et for innovations developed
outside the school,.,”

(Educ. Leadership, April 1983 p,29)

Joyce and others (1983) eramine this theme in detail
using as a strategy the develcpment of what they call
Responsible Parties-local administrators, teachers and

community members who examine the health of their school
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continuously, select targets for improvement, and draw on
knowledge about school improvement to implement desired
changes.” They identxff three stages of school improvement,

which are shown in Figure 1 beliow. {opecite, ps7)

Threc Stages of School Improvement

STAGE 1 Refine: Iritiate Organize Responsible
*he process Parties
Use effectiveness criteria
Improve ocial climate of
education
STAGE 2 Renovate: Establish Expand scope of improvement
the process Embed staff development
Improve curriculum areas
STWGE 3 Redesign: Expand the Examine m:ssion of school
process Study technologiee
Scrutinize organizational
structure
Develop long-term plan
According to this scheme, re-energizing school
matkematics cannot occur without the conscious organizing of
a "reform .1 group, which clarsfies goals and standards and
develops effectiveness criteria relating to the desired

change.

2. A Pror sing Model of Curriculum

One mndel of curriculum which seems to have great
potertial in moving the mathematics curriculum tow ards the
goals of problem-solving, pe.sonal and social develapment
and independant learning {s the Resources /Tasks Curriculum
Model proposed in the U.X. by Black and Harcison (1985),
This model has its origin in the technology and science area

of the curriculum but appears to be generalisaple across the
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A CURRICULUM OF RESOURCES AND TASKS

(extracted from l'lack and Harrison

FIGURE 2

curriculum and in fact will only work properly if this
occurs.

’ Figure ” ,ummarises the model in diagrammatic form.
Briefly, subject areas are seen as resources, which can be
applied appropriately to tasks. Thus teachers have two
aspects to their role. They ¢re specialists when they are
teaching their supject area as a discipline but sre members
of a resource team when students are engaged in cross-
disciplinary or ultra-d:sciplinary tasks or projects. Among
the advantages of this model are its flexibility in time
allocat{.n and organization, its wedding of the.ry and
practice and its subordination of subjects to become means
not ends in tiiemselves. Also the focus on tasks in projects
allows for much greater emphasis on worthwhile, meaningful
activities chosen to be interesting and satisfying to
students. The concepts of designing, making and creating
can oe brought in centrally as features of such tasks and
hence motivate students strongly provided the whole system

is carefully and wisely thought out.

3. The Teacher, Inservice Education and Integrated Lec _ing.

In his internationil study of cultural contexts of
Science aisd Mathematics &ducation, Bryan Wilson {1981)
reports a growing realization that the teacher is the single
most important factor in effective curriculum development,
and that: curriculum reform needs to be integrated with
teacher education. Certainly, this is borne out in the area
of mathemat..s education where numerous innovat.ve projects,
particularly The New iFaths and more recently the Unified
Science and Mathematics for Elementary Schools Project
{USMES) failed largely because teachers were unwilling or
unable to embrace the pnilosophy and c- "mitment needed to
implement the new project successfully (Howson, ceitel and
Kirkpatrick, 1981). Some of the problems of change have
been highlighted in the fascinating study of Inservice
Education of Mathematics Teachers by Edith Biggs (1983).
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Anong her unerpected findings were these three:
1. the necessity for a new scheme in mathematics to

be democratically prepared and tried out by all

members of staff if i1t was tc be wholcheartedly
implemented;

2. Jie necessity for the principal to be actively
involved in the projact if lasting changes were to
be made;

3. tne necessity for the principal to have enough
knowleage of mathematics; (Biggs p.193)

Howson, Keitel, and Kilpatrick identified five
approaches te curriculum development in mathematics going
from "the new Math" to "integrated teaching" and concluded
that,

"The formative and integrated teaching approaches
precipitated the formation of an lnnovatory str ategy
to replace the R-D-D model”,,.

"The new strategy aimed at strengthening the
teacher, and at making him hetter able to function at
a professional level and of assuming a creative role
within the overall curricular apprac No longer
was he to be regarded as the mere per. mer of a
ready~to~-use curriculum.” (p. 128),

These authors argue that tae problems inherent in
making these 'inprovements' in the teacher may be solved by
supplying "paradiym” materials to act as ideas and starting
points, butr that thede would have "no claim to
universality”,

More generally, recent international trends are ail in
*his same direction - towarus integrating learning, more
‘nter-disciplinary work, and greater self-reliance {in
learning. Thus the 1979 Council of Europe aocument

Inhovation in Secondary Education in Europe distinguishes

trree major factors at werk - new conditions of educat ion,
rew developments in theories of education, ¢ . the growth of

educational technologies.

MC 2 72
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"This situation makes new demands: today's pupil 1s

not like his pradezessor or his class-nmates, he needs

a different kxind of teacring, more highly

personalsse? and better adjusted to his own

particular needs and his growing demand for

independence and free m," (ibid, p.48;

Haigh (1975) discusses the pros and cons of integration

and .oncluaes that there 1s a valid place for it but only 1if
certain conditions are satisfied. A fuller discussion of

these aspects can Ye found in Crawford (!986b).

V. TOWARDS RELEVANT AND R2ALISTIC SCEOOI. MATHEMATICS.

So far, an outline has beea given ¢ some of the
ingredients deemed ejther essential or desirable in order to
arrive at interesting and worthwhile mathematical
eéxperiences for the great majority of students in their
secondary schocling - rougnly to age 16,

Briefly summarized, these are:

1) focus on basic mathemati{cal ideas and
relationships which will be used frequently
in adult life e.g. estimation, measirement,
percentages, decimals;

1i) emphasize using these to solve problems of
ind{vidual and social significance;

11i) blend work on mathematical ideas, processes
ard topics as an evolving system and structure
with their goplication to real situations and
problems;

iv) increasingly emphasize independent learning and
reliance by the student on his own ;esources for
problem formulation, data gathering and problem
solution;

vi use the calculator and computer intelligently to
reduce tedium, by having them perform roatine
calculations and operations and to create

stimulating mathematical environmants;

™
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curriculum currently being pioneered at Quorn Community
College, Leicestershire (Hewlett 1986).
VI. CONCLUSION.

No one single mathematics curriculum will ever emerge
as "the correct one". Ideas and the realities in which
they become embodied change as a given society and culture
change. At the root of all change, are the cultural values
which cause or resist that change. Hence. what 1S proposed
here, 1s the summation of one {ndividual nrofessional and
personal experiences, based on his value system as that too
interacts with various cultural milieu. It {s for the reader to
assess how important these thoughts and proposals are for
mathematics education in particular and more generally for

i1mproving s<hooling and education.
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Metaccgnition and
Mathematical Problem Solving

Thomas C., DeFranco
St. John's University
Staten Island, NY

Introduction

Why is it that some people are good
problem solver: and others are not?
Historically, educators have always
been intarested {a individual
differences. Thus it is natural to
expect that this interest would
extend to problem golving. (Lester,
1982, p. 57)

According to mathematics nducator, F. Lester,
researchers in mathematics educatior should focus their
attention toward understanding the differences bet een
expert and novice problem-solving behavior.

In the past, studies involving expert behavior have
been conducted in guch areas as business (Isenberg, 198L),
chess (Chase & Simon, 1972; Chi, 1978). mathematics
(schoenfeld, 1981), medicine (Elstein, Kagan, Shulman,
Jason and Coupe, 1972), physics (Larkin, McDermott, Simon
and Simon, 1980; Simon and Simon, 1978) and reading
(Baker & Brown, 198L; Brown, 19768, 1980). In each
‘nstance, researchers tried to identify those qualities
or characteristics that make an individual an expert in
bis/her field, the strategies used by them, and alsc if
these p2ills can be taught to others.

In general, this paper will diacuss some of the

aspects involved in a rreearch study dealing with the
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nature of expertise involved in mathematical problem
solving. In particular, it will examine the problem-
solving behavior among Fh.D. (or its equivalent)
wathematiciane (i.e., experts) in relation to solving
complex problems and also examine these individual experts’
beliefs of verson, strategy and task variables in relation
to 1athematics, mathematical problem solving and their
problem-solving behavior.
Bas’ ground

The major part of every meaningful

life is the solution of problems; a

considerable part of the professional

life of technicians, engineers and

scientists, etc, is the solution of

mathematical problems, It is the duty

of all teachers and teachers of

mathematics in particular, to expose

their students to problems much more

than to facts. (Halmos, 1980, p. 523)

48 noted by the prolific mathematics expositor
Paul Halmos, the importance of mathematical problem
solving and the ability of students to solve mathematics
problems, has become increasingly a major concern of
mathematics educators today. This concern has been echood
at mathematics conferences, by mathematicians, by
psychologists and by many mathematics educators. In
particular, the National Council of Teachers of Mathematics,
(NCTM), in its publication, "An Agenda for Action" stated,
"The development of problem-solving ability should direct
the effarts of mathematice educators through the next
decade” (NCTM, 1980, p.2).
In order to meet ithis challenge, the mathematics

27




education commmity has condnucted extensive research in
mathematical problem solving over an extended number of
years. In the past, many mathematics educators paid
particular attention to capturing the strategies students
use in solving mathematics problems. Traditionaily, these
studies involving mathematical problem solving have focused
primarily on the overt behavior exhibited by subjects as
they solved various types of mathematics problems. In
general, introspective, retrospective and thinking aloud
techniques have served as the main sources of gathering
information and data. The analysis of these data have
largely consisted of using a string of coded symbols, which
acted as a trace of the problem-solving behavior exhibited
by a subject during the solution process.

As a result of these studies, researchers ide~tifiec
succesaful strategies or heuristics used by subjecis on
various mathematics problems. "A heuristic is a general
suggestion or strategy, independent of any topic or subject
matter, which heips problem sclvers approach, understand
and/or efficiently marshall their resources in solving
problems" (S-hoenfeld, 1979¢, p. 37).

Schoenfeld (1979a, 1979b, 1980, 1982) conducted a
number of experiments in mathematical problem solving and
found that students (college level) oan be taught to
understand and effectively use a limited number of
heuristics in solving mathematics problems. Hu also

recognized that heuristic fluency may not be enough in a

[ERIR
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mathematical problem-solving situation and that lmowing
“when" and "how" to properly use a heuristic may be
equally important for jroblem-solving success.

Therefore, in order to understand how to "properly
manage" heuristiecs, Schoenfeld (1981) studied and compared
the problem-solving behavior of "experts" and "novices"
as they solved the same mathematics problems. He realized
that two types of decisions are evident in the decision-
making processes involved in mathematical problem sclving,
tactical and managerial decisionms.

Tactical decisions are decisians involving the
izplementation of various algorithms and heuristics while
managerial decisions are decisions which have a major
impact upon the solution of the problem (Schoenfeld, 1981),
Managerial decision maiing includes skills such as
checking, monitoring and evaluating the entire so ution
process.

Schoenfeld (1981) founa that experts (Ph.D. mathema-
ticians) possess accurate and efficient managerial skills
while novices (college mathematics students) lack them.
Also, he fo.1d that proper managerial skills can provide
the key to success in a matihematical problem-solving
sitvation and are similar in nature to metacognitive gkills.
Therefore, in order to better understand the decision-
making processes involved in mathematical Problem solvi.

a thorough investigation of the phenomenon of metacognition

seemed appropriate, ;
2: 2
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A Conceptual Framework for the Study

In general, the term metacognition refers to two
separate but related concepts: 1) knowledge and beliefs
about cognitive phenomsna ané 2) the regulation, control
and execution of cognitive actions {Garofalo and lester,
1985). The development of the study of metacognition
can primarily be attributed to the work of two researchers
vhoee findings are complementary, Joln Flavell and
ann L. Brown. According to Flavell (1976),

"Metacognition" refers to one's know-

ledge concerning one's own cognitive
processes and products or anything

related to them... Metacognition refers,
among other .hings, to the active ponitoring
and consequent regulation and orchestration
of these processes in relation to the
cognitive objects on which they bear,
usually in the service of some concrete

goal or object (p. 232).

In order to study human bebavior, Flavell (1979)
developed a model of cognitive monitoring or metacognition,
which can be applied to various cognitive enterprises. He
proposed that the monitoring of many cognitive tasks
occurred through tk. activities among four classes of
phenomena: 1) metacognitive knowledge, 2) metacognitive
experiences, 3) the goals of the task and L) the actions
taken on the task,

Briefly, metacognitve knowledge consists mainly of
beliefs and/or feelings about certain variables {person,
strategy and task) and how they azt and interact with each
other to influence g cognitive enterprise. Metacognitve

experiences are any conacious realizations, whetber

RIC 263

Aruitoxt provided by Eic:

cognitive or affective, that may occur during any
intelleciual enterprise, The goals of the task refer to
the objectives or wnkmowns of the cognitive enterprise and
the actions of the task refer to the: cognitive actions used
to achieve the goals of the task.

In particular, metacognitive kmowledge is similar to
knowledge stored in long term memory. It comsists of
beliefs about particular variables and how they interact
with each otber to giide and/or influence any intellectual
tagk. According to Flavell (1979), the three categories
of variables associated with metacognitive knowledge are:
1) Person, 2) Strategy and 3) Task.

Person variables are everything a person comes to
believe or feel about himself/herself in relation to
his/her own cognitive processes and the tagk at hand.
Strategy variables consist of strategies (tactical and/or
managerial) that are likely to influence the task at hand.
Task variables consist of any cues or information in the
task which may trigger certain _eliefs about particular
strategies or demands of the task.

For example, whan an individual is presented with a
mathematics problem to solwe, the action taksn on the
problem is influenced (positively or negatively) by that
individual's metacognitive knowledge (i.e., by the beliefs
about person, strategy and task). In general metacognitive
knowledge guides and/or influences an individual to select,

revise, abandon, pwrsue and evaluate strategies throughout

25,
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the solution process (Flavell, 1979).

Another major source of information concerning
metacognition is based upon the research of cognitive
psychologist, Ann L. Brown. According *to Brown (1980),

The skills of metacognition are those
attributed to the executive in many
theories of human memory and machine

telligence, predicting, checking,
monitoring, reality testing and
coordination and control of delibecrcate
attempts to study, learn or solve
problems (p. LSL).

At tnis point, it should be noted that Brown's
understanding of metacognitive skills is analogous to
Schoenfeld's concept of proper and efficient managerial
skills (i.e., skills such as monitoring, assessing and
checking the solution process throughout che entire
problem-solving episode).

Therefore, in order to examine the problem-c>lving
behavior among experts, a framework for investiga:ting
an individual's metacognitive kmowledge (devised through
the works of Flavell K Brcwn and Schoenfeld) was used in
this study.

A Research Study: An Overview

The study was descriptive in nature involving expert
oroblem solvers in relation to metacognition and mathema-
tical problem solving. The subjects selected for this
study (n=16) were divided into two categories - group A
(Ph.D., or its equivalent, mathematicians who have achieved
national or international recognition in the mathematics

commmity) and group B (Ph.D. mathematicians who have not

23

achieved such recognition).

Information collected du~ing the study was gathered
from iwo sources: 1) a Person-Sirategy-Task (P-S-T)
Questionnaire (Appendix 4) and 2) a Problem-3olving Task
Booklet {Appendix B).

The purpose of the P-S-T Questionnaire was to examine
and contrast an experts' metacognitive knmowledge and
mathematical beliefs in relation to mathematics and
mathematical problem solving. The questionnaire consisted
of 10 open-ended questions with some subquestions. Zach
sub ject's tape-recorded responses were transcribed, and
then coded, on a coding system developed by the recearcher.

The purpose of the Problem-Solving Task Booklet was to
describe the various strategies exhibited by the subjects
as they soived four mathematics problems. Bach s:bject
was instructed to “think aloud” as he solved each problem
and immediately after was asked a series of question
in cannection with his problem-solving behavior
o that problem. The entire session was tape recorded
and each gession was transcribed and coded using a coding
syetem adapted from Schoenfeld (1981).

A Brief Diacussion of the Results

In gensral, the results of the study seemed to indicate:
1) svbjects in group A solved the protlems more accurately
(30 correct and 2 incorrect in group 4 VS. 8 correct and
24 incorrect in group B) and exhibited more efficient

metacognitve skills on the problems than their counterparts

2;'.(3
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in group B, 2) the metacognitive knowledge and mathematical
beliefs held ty subjects in group 4 was dissimilar to that
of subjecis in group B and 3) a subject's metacognitive
Inowledge seemed to influence, in a subtle vay, his
problem-solving performance,

In order to understand how and why a subject's
metacognitive knowledge may have influenced his problem~
solving performance, a case study is discussed next.

4 Case Study

During many problem-solving situations, both aspects
of the definition of metacognition interact and effect an
ind‘vidual's problem-solving behavior during a solution
Process. For example, an individual may possess certain
beliefs about mathematics (part 1 of the definition of
metacognition) which may effect his/her control ad
execution (part 2 of the definition) on a probler, which
in turn may trigger other beliefs, etc.

On the issue of monitoring and controlliing one's
work, Schoenfeld (1985a) stated,

. . . having a mastery of individual
heuristic straiegies is only one

component of successful problem solving.
Selecting and pursuing the right approaches,
recovering from inappropriate choices and
in general, monitoring and overseeing the
entire problem-solving process, is equally
important. One needs to be efficient as
well as resourceful. In broader terms,
this is the issue of control (pp. 98-99).

Therefore, the ability of an individual to "keep in
control” of his/her work during the entire solution process
2( e

4
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seems to be an important aspect of guccesaful problsm
solving,

This case study presents the problem-solving
performancs of John (a fictitious name and an individual
who participatsd in the study) on problem 2 \Schoenfeld, 1983,
Appendix B). It illustrates how an individual's
knowledge ard bsiiefs about mathematics anc his ability to
cantrol his work during the solution process positively
influenced his problem-solving performance.

The question and Jomm's response to it are given nsxt,
4n  analysis (adapted from Schoenfeld's work, 1981) and a
discussion of his problem-solving performance follows the
problem-solving protocol.

Estimate as accurately as you can, how
many cells might be in an average-sized
adult human body. Wwhat is 3 reasomable
upper estimate? A reasonable lower

estivate? How much faith do you have in
your figuresa?

Problem-Solving Protocol

Estimnte, 2s accuratelv as you can, how many cells

might be in an average-sizei adult human bods?

#hat is a reasonadble upper estimate? 4 reasonable

lower estimate? How much faith do you have in

your figures? ., . . (1)

0K . . . it's a pretty reasonable question . . , {2)

50 . . . my reaction is two vays to approach it, .
linear dimensions or mass of the . . . cells . . . 3)

0K . . . 80 I would guess that . . . if I try it by
ma8s . . . I would guess that . . . that an adult
human weighs 150 pounds . . . (1)

There's a pretty big hurk of him which I guess ian't
really to be counted as cells . .there might be fifty
pounds of that . . . (s)

23
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So maybe there's a hundred pounds of oells . . . (6)
Now, how much is a cell going to weigh . . . (1)

Basically, I'd guess that a cell ., . . it is going to
weigh what? . . . (8)

First, I've got to think about how big they are . . .
they're going to have the mass as that of water, so it's
Just a question of voluwe and . . . to all reasonable
degrees . . . I nmean obviously we're not going to try

and get within ten percent so . . . it's certainly not
going to matter . . . make a ten percent error . . .
assuming that the mass of all cells is simply

proportional to water of the same weight . . . (9)

So . . . I've got to think about how big a cell is . . (10)
Obviously they do vary but . . . (11)

I certainly don't carry this aromnd in my head . . .
I would say a hmdred kilometers . . . (mumbled) . . .
would be about right . . . (12)

That would be ten microns . . . some of them are
probably smaller than that but . . . (13)

let me just think about . . . about what . . . kirni of
magnificetion it takes to see them . . . yes, tha‘'y
within reason . . . (14)

So I'm taking a guess that they're a hundred . . .

they're . . . iwhey're little cubes a hundred . . . a
hundred to a millimeter . . . so there are ten to the
fifth to a peter . . . (15)

So there are ten to the fifteenth in a cubic meter . . (16)

4 cubic meter of water weighs, what is ordinarily
called a ton . . . (17)

And 30 . . . there is ten to the fifteenth in a tan
and we were talking about a hundred pounds so . . . (18)

There are ten to the fifteen over twenty . . . (19)
And the number is about one-half of ten to the
fourteenth . . . (20)
Pive timss ten to the thirteenth is a good fair guess,
five times ten to the thirteenth . . . (21)
Boughly . . . one humdred pounds . . . equals one-
twentieth of a cubic meter of wg'er . . . (22)
oo
d(“;;'

And approximately one-twentieth times ten to the

fiftesnth cells . . . (23)
That's . . . can't be too far wrong . . . (2)
Now, what sort of faith would I want to put in

that . . . (25)
Well . . . I could see my error in how big a cell is

« « « off easily be a factor of three . . . (26)
So that got cubed . . . (27)
So I think twenty plus or minus in either direction, I'd
have to guess might be a fair . . . error . . . (28)
But, X haven't seen this problem . (29)
Jnalysis

Joln read the problem and correctly identified the
conditions and the goais of the problem (1).1 Be
commented at the end of the session that he did not
recall ever attempting to solve this problem (29).

Immediately after reading the problem, Joln ~as
concerned with wnich approach to use on the problen,

1. Working w.th the linear dimensions of the cell; or,

2. Working with the mass of the cell (3).

Each approach was relevant to the solution and he
chose to work with the mass of the cell ().

In implementing this plan, John estimated the average-
sized adult human body consisted of 100 pounds of cells.
Next, he realized he had to estimate the weight of a

cell (7-8) waich led him tn estimate the linear dimensions

1. Numerals in parenthcses refer to statement numerals in

Problem-Solving Protocol.
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of a cell (9-10), His estimate of the dimensions of a cell
{12-15; was based upon the magnification needed to see 2
cell through a microscope (1),

At this point, John vetwrned to his original plan and
its implementation followed in a logical, sirtuctured
manner and was monitored throughout the entire solution
process. Conscious metacognitive statements can be found
in (7-11) and (14).

In the end, John stated his answer (21), checked his
work (22-23) and wes satisfied with his solution. He toon
approximately 2 minutes and 50 seconds %o sive s complete
solution.2
Tiiccussion

In this example, the decision-making processes employed
by John were very offective in obtaining the corr-ct
solution. For example, the managerial decision maging
(i.2., choosing to work with the mass of the cell) was a
woll. thought out and plammed process, Implementation of the
plan (i.e., the tactical decisions) was carried out in a
highly efficient and accurate manner. Overall, the
problem-sclving behavior exhioited by tbe subject was

well planned, monitored and assessed for accuracy ard

2. For purposes of this study, Johi's solution was
considered correct but a gearch through various journals
and books produced various solutions, I encourage the
reader to try and find his/her own solution to this
problem,

[RIC 5,

3elief 5: He believes the ability to use analogies
and quickly recollect similar problems is lmportant for
successful mathematical problem solving. (11, 5)

Belief 6: He believes it 18 important to review
ideas and fa.ts (that "keep popping back into my head") in
preparation for future mathematical problem eolving. (35)

In thie case, John believes tho use of analogiee
(belief S) and flexible thinking (belief 1) are important
factors involved in successful problem soiving. also, he
believes in using alternative methods in solving mathema-
tical problems in preparation for future problem solving
(velief L). Therefore the cumulative effect of linking
together beliefs 1, 4 and 5 may help explain "why' and
"how" Jchn was able to generats and state various approaches
to this prodblem.

In general, this problem requires the proble: solver to
recall and utilize information storad in long term memory
and therefore having a "good memory" contributes
significantly toweard obtaining a correct solution.

In this cass, combining beliefs 2, 3 and 6 resulted in
John's ability to chooss an efficient plan and ‘mplement
it correctly.

It seems ag though the beliefs acquired by John in
relation to mathematics and mathematical problem solving
played a strong and positive role in hia decision-making
processes and his overall problem-solving performance,

(DeFranco, 1987, pp. 43-45)
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Conclusians licgtions for Te Mathematics

The 1 3sults of this study support Polya's (1973)
suggestions on becoming a better problem solver, and there-
fore his suggestions are invaluable toois for mathematics
teachers.

For example, according to question S of the P-S-7
Questicnnaire (Appe..: ; (i.e.,. . . What general strate-
gies or techniques do you think you would use to help you
toward the solution of a problem?) the most frequently
cited response was the "use of analogies". This response
is identical to Polya's suggestion of "recalling a similar
or analogous type problem". Also, many of the responses
given by the gubjects to this question correspand to the
list of heurietics prescribed in his book,

In question 6 of the P-S-T Queetionnaire, (i.e., When
dc you rework and use or not use alternative methods to
solve a problem?), 12 out of 16 sudbjects responded alrost
elvays or that they would use alternative methods wnder
certain conditions relating to the problem.

In his book, Polya (1973) presents a fouws -step model or
frapework which can be used as a guide to help an individual
becoms a better problem solver. In the last phase of his
model (i.e., Looning Back) Polya instructs the rsader to
rework problems (i.e., by using alternative methods, by
changing the conditions of a problem, by changing the goal of
a problem, etc.) and therefore, the respanses by the subjects

to question 6 parallel the last phase of Polya’s problem-
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efficiency throughout the entire solution process.

The protocol demonstrates that Jolm's ability to
regulate and control his actions on this problem (i.e.,
part 2 of the definition of metacognition) were
instrumental in helping him attain a cirrect solution.

What else could explain his actions on this problem?
A set of beliefs (i.e., information associated with Jolm's
metacognitive knowledge) may have guided or influenced
his problem-solving behavior (in a positive way) on this
pcoblem.

Aft>r examining Jolm‘'s regponses to some of ...e
questions on the questionnaire (see the Person-Strategy-
Task Questionnaire in Appendix C, it seems that John
has acquired the following belie.s:

Belief 1t He believes one of the most important
characteristics of an expert problem solver is to be
flexible and to ihink of various approaches to a problem.
(Quastion 1 (Q1) )

Belief 2: He trusts his memory for mathematical
facts. {Q2a)

Belief 3: Hes belives raving a "good memory" is
impor .ant fcr successful msthematical problem solving.
(o)

Belief 4: He velieves it is important to use
glternative methods in solving mathematics problems in

preparation for future mathematics. problem solving.

(Qée) .
PR
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144 solving model.

vhat are the implications for teaching gathered from
the respconses to questions S and 6? To begin with, the
study has indiceted expert problem solvers believe they
rely on analogies to solve mathematics problems. Therefore,
how rathematical information is received, stored and
accessed from memory are evidently crucial issues involved
in succeseful problem solving.

For example, according to information procassing
models of human behavior, an individual receives information
into short-term memory (STM). This information is usually
“chunked" (i,e., individual bits of information that are
familiar or recognizable by an individual) and processed
into STM in milliseconds. An individual can usually take
in about L chmks at any one time. Next, if the _~forma-
tion is to be placed into long-term memory (LTM) ‘hen the
individual must fixate on the chunk of information to be
stored for approximately 8 to !0 seconds (Simem, 1980).

Therefore; if students are to receive, store and
access mathematical Information properly, mathematice
teachers must give students the necessary time to digest
and reflect on new mathemstical informatiom.

Next, according to the responses from qusstions 5 and
6, it seems matnsmaios teachers should expose their
students to the experience of doing many different problems.
Also, they should teach them to understand the underlying

structure of a mathsmatics problem, in order to improve the

Q
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student's ability to recognize strategies for solving
similar type problems.

Mathematics teachers should routinely lead their
students to discovering various alternative approsches to
mathematics problems and train students hov to recall
these analogies. This would create a reservoir of
similar type problems that could be helpful for present
and future prodblem-solving endeavors,

Another impliecation for teaching, deals with
teachsr-student mathematical bvelief systems. From this
study, it seemed mathematical beliefs hsld by Ph.D,
nathematicians influenced (positively or negatively)
their problem-solving performance on various mathematice
problemd, Therefore, it is natural to aggume that the
mathematical beliefs (and beliefs in gereral) heid by
students may influence their mathematical problex~solving
behavior,

To begin with, what is meant by the term "a belief
system”? According to Rokeach (1960).

The belief systenm is conceived to
represent all the beliefs, sets,
expectancise, or hypotheses, conscious
or urconscious, that a person at a
given time accepts a3 trve of t e
world he lives in. (p, 33)

What influsnce do teacher's beliefs about nathe~
matice and mathematical problem solving have on a
student's problem-solving performance? Thompson (1982)

exanined three junior high school teachers conceptioas of
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mathematics and teaching in rel-tion to their imstruc-~
tional practice. She found,
+..the teachers! views, beliefs, and
preferences about mathematics and its
teaching played a significaut, albeit
subtls, role in shaping the teachers’
characteristic patterns of instruc-
tional behavior. (p. 285)

Therefore, if a teacher's views and beliefs about
mathematics play a role in his/her instructional behavior
then it seems that various beliefs about mathematics and
mathematical problem solving will be communicated to the
student. Therefore, students will acquire many deliefs
and misbeliefs about mathematics.

For example, froa this study, it seemed that many of
the subjects felt that having a "good memory" was
necessary for successful problem sol-7ing. On the other
band, ° an individual acquires the belief that raving a
“bad memoxy" may prevent him/her from solving a problem
then this belief may help explain an individual’'s lack of
perseverance on 8 problem.

Also, from the subjects' responses, areas euch as

confidence, interest, a “love" of doing mathematics and

an overall positive attitude toward mathematicas, etc.

solving. Therefore, these qualities should be stressed
while teaching mathematics.
On the issue -f practical suggestions for teachers

dealing with beliefs, Schoenfeld (1985b) stated:

2(:1
‘ L]

.s.the real daifficulty comes in helping
students to remove inappropriate beliefs

or ideas: those beliefs must be discovered
before they can be removed ... Mis-beliefs
are only likely to surface if students are
given the opportunity to ehow us what they
'imow'. In the classroom I have found that
the most effective way to {ind out what lies
bensath the surface of students' performance
is to repeat in different forms, one simple
question: 'Why?*. (p. 375)

Therefore, mathematics teachers should be aware of
their beliefs about mathematics and mathematical problem
solving and present mathematics in such a way that fosters
and reinforces a positive mathematical belief system in
each student.

A final implication for teaching from the results of

this study deals with the phenomena of metacognition. 1In

general, from the problem-solving protocols of the subjects

in this study, it seemed that many of the subjec-s used a
variety of metacognitive skills when solving the oroblems.
For example, in many of the cases when a subject did a
problem correctly, he checked, monitored and evaluated his
work throughout the entire solution of the problem.

In an analogous way, the ability of students to
create an internal dialogue and interrogate themselves
concerning their imowledge of mathematics and mathemat-
ical problem solving may be a necessary skill for
problem-solving success. A few simple metacognitive
prompts dwring the solution process may help a student
avoid inappropriate actions on a problem and may guide

him/ber into selecting, revising, abandoning and
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pursuing proper strategies for the solution >f the

problem.

Therefore, mathematics teachers should incorporate

into their teaching atyle (in a natural way), a method of

Questioning that demonstrates and encourages students to
reflect and introspect about their work during the
8olution of a problem. This may establish a method in
which gtudents learn how to properly manage their
knowledge, thereby, improving their problem-solving

ability.

2a.

2b,

3b.
La.

Lb.

6.,

6b,

Appendix A
Person-Strategy--Task
«uestionsaire Booklet

Please describe the qualities, characteristics or
factors that you think make an individual an expert
problem golver in mathematics,

Suppose you are asked to golve a mathematics problem
(i.e. either a research problem or a textbook

problem and one that you do not recall doing before).
Bow does your memory for facts, information, theorems,
etc., affect your problem solving?

What effect do you think this fact (i.e. your answer
to part a) may have upon your ability to solve the
problem?

Why?

Suppose you are asked to solve a mathematics problem
and immediately after reading the problem, you
realize that you do not think you have enough
knowledge to solve the problem. What effect do you
think this fact might have upon your ability to solve
the problem?

Why"

Do you consider yourself to be an expert proolepm
solver in mathematics?

Why?

Suppose you are asked to solve a mathematics problea
(i.e. either a research problem or a textbook problem
and one that you do not recall doing before). what
general strategies or techniques do you think you would
use 1o help you toward the solution of the problem?

After solving a mathematica problem, when do you
Tework and use or not use alternative pethods to
solve the protlem?

Why?

Please describe the type(s) of mathematics problem(s)
you enjoy and usually work on.
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©. Please describe the iype(s) of mathematice problems
you do not enjoy and do not wsually work on.

9a., Which areas or branches of mathematics do you feel
MOST confident working in?

9b., Suppose that a mathematics problem jou are working or
falls in one of the areas or branches of mathematics
you fesl MOST confident working in. What effect, do
you think this would havn upon your ability to solve
the problem?

9¢, Why?

10a. Which areaa or branches of mathematics do you feel
LEAST confident working in?

10b. Suppose that a mathematics problem you are working on
falls in one of the areas or branches of mathematics
you feel LEAST confident working in., What effect, do
you think thie would have upon your ability to solve
the prodlem?

10c. wh??

Appendix B
Problem-Solving
Task Booklet

Question 1
In how many ways oan you change one-half dollar?
Question 2

Estimate, as accurately as you can, how many cells might
be in an average-sized adult human body. Wuat is a
reagonable upper estimate? A reasonable lower estimate?
How much faith do you have in your figures?

Question 3

Prove the following proposition:
If a side of a triangle is less than the average of the
tuo other sides, then the spposits angle fe less thon the

average of the two other m&lee.

Question
You are given a fixed triangle T with Base B. Show that
it is always possible to construot, with ruler and compass,
8 straight line parallel tc B such that the line divides
T into two parts of equal area.

Appendix C
2xcerpts from the Peraon-Strategy~Task
Questionnaire

Question 1 {«l): Pleagse describe for me the qualities,
characteristics or factors that you think make an
individual an expert problem solver in mathematics.

Response: I think one of the main problems for the
problem solver is to . + « not be locked onto a sirgle
approachs So one has to sort of relax and . . . think of a
lot of possibilities at once, that's certainly one
important way to look at it. Certainly one of the most
important factors is experience . . . it's remarkably
comeon to find . . . that a problem that you've bdeen asked
is quite similar to some old problem and if you have the
ability to quickly recollect another problem which is
similar or possibly even exactly the same obviously that's
a great advantage . . . this is all a question of just
thinkinz fast basically . . . thinking over the various
poasible approaches which you know, the more experience
you have the more . . . you can draw on to, to give
yourself possibilities of ways of thinking about it. I
think about that it is very useful to use analogies . . .
of various sorts, sometimes one can, can translate a
problem into another context and see that you have an
equivalent problem . . . where the , . . the answ-r is
somevhat more obvious on perhaps some physical grounds or
something of that sort. But overall I would say
